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CHAPTER 1 
INTRODUCTION 
In the photoelectric effect, electromagnetic radiation іч absorbed by an 
atom, molecule or solid and the energy is used to eject an electron from a 
bound state. Conservation of energy yields the equation 
hv + E = E + E,. (1) 
ι e f 
where hv is the energy of the incident photons, E^ ^ and Ef are, respectively, 
the energy of the atom, molecule or solid before and after the ejection of 
the electron and E
e
 is the kinetic energy of the ejected electron. If we de­
fine the binding energy of the electron, E9, as 
E f - E-L (2) 
equation (1) reduces to 
E = hv - E
n
 (3) 
e
 B 
Note from Eq.(3) that only electrons with a binding energy smaller than the 
photon energy can be ejected. For a long time photoelectron processes were 
mainly studied by changing hv and measuring the total intensity of the elec­
trons ejected. The last decade has seen a tremendous growth of what is common­
ly called ohotoelectron spectroscopy: in this technique the photon energy is 
kept constant and the electron intensity is measured as a function of E . 
This technique was pioneered and perfected by two groups. Siegbahn and co­
workers concentrated on X-ray photoelectron spectroscooy (XPS) with hv > 1 keV 
. Turner et al. developped a high resolution electron energy analyser for 
UV photoelectron spectroscooy and applied this technique to the study of mole-
cules in the gaseous phase . 
From Eq.(3) it follows that for a given photon energy, hv, measurement 
of the photoelectron intensity as a function of E
e
 will result in a replica 
of tne various electron orbital energies. This is illustrated in Figure 1.1 
where part of the X-ray ohotoelectron spectrum of the three coinage metals is 
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gure 1.1 X-ray photoemisjion spectra of the OJ1CV еісзігоп she lin of Си, Ад 
and Au Ín the metallic state. The votsitiov of each veak is a measure of 
'Jie bivding e? e^gv (Vj is zero it /?".?. '.- ev). Ζ he inters' ~υ is a func-
t'ioii of ine number of elpclrons ir each shell an-], more importan', is 
aiven by the cross section for іюьоіопічаііоп. '¡he о¿termosi d and s 
electrons ir. ^hese me1 als are deloca'1''¿'Pi ari the levels are >orse-
quen'Jy broadened, whici is oLearl ι re fie'·'cd in I he svetta. mhe va­
lence s electrons are visible as ri-о ilders -"ν the high energy side of 
^he d bard. f mc'e de bailed crecf^^ of 'he Au va1 e> "e I arA is shown 
in ^іт. Г.Л. The la*· Ύ-> l-'npwid'J of A · (tv), fg(bj) and A"( г) is caused 
'γ ile .-hort lifetime of a ho'i'e 'o these Iroe^s. Гріп orbit s^littfrj 
•¡s i 'a 'crrabU' ir í/-c, Aij(^f), /'(¿ъ) ar.d CJ( O) 7U¿><-'. '"lp ¿„rvtirc 
u.'h ' ih ; ' - : ' ? 7 ' e','ν? J?I '>e ^(^) ai ί (¿s) 'У r es is ^^^^7'/ i <р to 
го- •с''
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 ci s'ar с τ Oro^esr ; ar ! va^'-y ίο "'tóelas ie s ^ait^ri· g of '-^> 
r
 " oí oc le 'ïr i'-',;. 
given. Generally, the photoelectrons are divided into core and valence elec-
trons. The former are ejected from a core level i.e. a level that does not 
participate in the bonding and which has an almost unperturbed atomic cha-
racter. The binding energy of the core electrons is generally larger than 
about 20 cV. The valence electrons originate from the higher energy levels 
(Eß < 20 eV), which are perturbed by the bonding Once the XPS spectrum of a 
given element is known, it can be used to identify the constituent elements 
in compounds. This is illustrated in Fig. 1.2 for Р(С6Н5)зАиІ and KSCN. The 
acronym rsCA (Electron Spectroscopy for Chemical Analysis) introduced by 
Siegbahn emphasizes this application of photoelectron spectroscopy In spite 
of the fact that XPS has only a limited energy resolution (О Λ - 1.0 eV) many 
details of orbital energies can be observed Fig. 1.3 gives a close-up of the 
highest orbitals of KSCN together with those of several other potassium 
(pseudo)-halides 
Eq (3) is of a deceptive simplicity; closer inspection of XPS spectra 
soon reveals a sometimes bewildering complexity which reduces the use of XPS 
as an analytical tool, but on the other hand provides a way to study many 
interesting effects. For instance the Cu spectrum in Fig. 1.1 shows distinc­
tive features between the 3s and 3p peaks, which cannot be associated with 
atomic energy levels. The Au(4f) lines are split and there are large diffe­
rences in linewidth and intensity throughout the spectra. In Fig. 1.2 the 
background intensity is seen to increase stepwise with decreasing kinetic 
energy. Also, in these spectra peaks appear due to Auger processes, which 
invariably accompany the photoelectric process. In the following paragraphs 
the experimental and tneoretical asoects that make XPS a complex but interes­
ting tool are briefly discussed, rhe remaining chapters will discuss some ot 
these subjects in more detail. Since these chapters deal solely with XPS stu­
dios on solids, this field will be emphasized in the following paragraphs. 
1 1 Intensity and linewidth 
From Figures 1.1-3 it is clear that the area intensity of the different 
photoelectron lines is not the same. The intensity is a function of the num­
ber of electrons m a given level and the transition probability per unit 
time, P^-VL , for photoemission from the initial state ψ to the final state 
V k Quite generally, P k ).1 follows fron Fermi's "Golden Rule" 
3 
Figure T.? X-ray vhotoem'ssion sveatrvm of Р(С&Н^)^ЛиІ and КЗСЛ. Along the 
horizontal œcih the kinetic enevgy of the ejected electron is 
slotted. For each eleweKt at least one APS line "an be found that 
гс> weil sevarated from all the other,. ThJB, identification of 
the elenenti in ватюіе", of unknown "orroaltion i.> no.inible with 
Χ'Ό. .fe íj(4f) lines in the ιβΓ 1 ive^'r^r; are due to the gold 
substrate and the 0(ls) line ovijinateo from a small surface con-
tarnлга+Loi', wH'e'h іь avpra 'iohly artvlified as a consequence of 
the { j/face sensittjity of Χ^σ. Several iu^er veatis are vrewvi • 
KrT transitions for С, Λ/ and 0 and Мц ^J^ ^Α\ J transitions for 
I. "he чеооісп^е of the Is Xz¿' lines and <IL Auger ^eaks is oppo-
ST te for the вегіеь η , · and 0. Since the }>->'niing energies of the 
Τ-shell electrons ir the elements C, 7 and 0 are ainost equal, it 
folloiTi from '•q. ('') that when the binding energy of tne Is elea-
t^n ir 1 ъ 'her (i.e. the kinetic епегту of Jhe vhotoelec^ron is 
hner) the kinetic enervj of 'he Aw-er e^rctron is also higler. 
"> с г ' с fise i'crezSt of t'e ^ a 'X^roj^d irions Iti гг; dse to in-
e
11,li" scattering of rl o4 leleelrons af^cn1 vh )іоіо^і^аІго^. 
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where ρ(Ek) is the energy density of final states and V is the time dependent 
part of the Hamiltoman. In case of photoemission, the transitions are indu­
ced by the electromagnetic field. A more convenient quantity to study the in­
tensity of photoelectron lines is the cross section for photoioniration σ, 
which is defined as the total transition probability per unit time divided 
by the incident photon flux. The cross sections have dimensions of area. The 
differential cross section for ejection of an electron in a ыпаіі solid angle, 
dfl, with respect to the electric field vector can be written as : 
da t2 
π e
 p(E ) | ü . < ψ, | exp(iq.ï)V | ψ > \7 (5) dß ? K k' ' " rk ' * ^ ' Ti 
m сш 
where ρ(Ek) is the density of final states corresponding to a given solid 
angle. The electromagnetic radiation is represented as a propagating Diane 
wave with wave vector q, frequency ω and polarisation u. The differential 
cross section is proportional to the cross section σ . The proportionality 
constant depends on the polarisation and energy of the photons and on the 
symmetry of the electron orbital studied. Scofield5 has calculated the cross 
sections of the different orbitals in the elements for photon energies be­
tween 1 keV and 1.5 MeV. The values at a photon energy of 1253.64 eV (Mg Ka 
radiation) range from 10-10 barn (1 barn = 10 m ). In chapter 5 a more 
detailed analysis of the intensity of photoelectron lines will be given. 
The linewidth of photoemission lines depends on the lifetime of the 
final state, which in turn is determined by the Auger and X-ray fluorescence 
transition rates. These two orocesses will be discussed in the next paragraph. 
1 2 Processes occurring after photoionization and their effect on the spectrum 
I 2 1 Secondary procèdes at the site of the hole 
The initial event m the photoemission experiment is the ejection of an 
electron caused by the impinging X-rays. In Fig. 1.4a the ejection of a K-
shell electron is depicted. The electronic configuration of the resulting 
ion with the vacancy in the K-shell is not stable and the vacancy will be 
-ray photoelectron 
spectroscopy 
© 
X-ray fluoresence 
h v ( K a , l 
Θ 
L 3 ^ . ^ у ^ щ1г Auger.process 
h — · <sf— 
К ·-
Figure 1.4 Two alternative modes of atomia de-pxcitatior> which follow uvon 
the crpa'ion of an inner shell vacancy 'a). Ta the К-тау fliso-
recaence proaes.i (b) the inner vacancy is filled by an outer 
electron and the eneray released is emitted as a photon. In the 
Auqer vrocesa (") the initial vacancy in the inner shell is 
fiHed bu an ovtpy electron and the ovai lab''в energy гч trans­
ferred to another electron. The transition, as shown ir the 
fiaurey where the initial hole in the K-sheil is filled by an 
electron from the L\-shell and the available energy is given to 
an electron in the I^-shell, is designated KL\I2· 
filled by one of the following two orocesses: 
(I) radiationless transitions (Fig. 1.4c). 
(II) emission of characteristic X-ray radiation (Fig. 1.4b). 
The first process leads to the so-called Auger emission. The vacancy 
(in level ]) is filled by an electron from a higher level (k) and the avai­
lable energy is transferred to a third electron (in level 1), which is e^oc 
ted, leaving behind a final state with two holes in outer Orbitals. The Auger 
transitions are usually designated according to the three levels participa­
ting in the process. This is done with the aid of the X-ray level notation 
К ~* Is; Lj -*· 2s; L2 ""* 2pw2'" L3 ~~* ^P3/2'· etc. In the example depicted in Fig. 
1.4c a vacancy in the K-shell is filled by an electron from the Lj-shell and 
the available energy is given to an electron in the I^-shell. The resulting 
Auger electron is designated KLjL2. In several cases the energy splitting be­
tween different Auger transitions is too small to give resolved lines. In 
such cases, the notation of the transitions is combined (for instance Μι,Νι,
 / 5 
Ntj 5). Fig. 1.2 contains the KLL Auger transitions of C, N and 0 and the 
MM , 5Ni*, 5Nit, 5 Auger peaks of I. 
The energy E(jkl;X) of the jkl Auger electron with final hole configu­
ration X is given by 
E(]kl,-X) = E (j) - Eik) - E_(l,k) (6) 
a a Η 
where Ев(1,к) is the binding energy of an electron in the 1 shell with a hole 
present in the к shell. The energy of the Auger electron is independent of 
the incoming radiation, provided the incident energy is large enough to cre­
ate the initial hole. It has to be remarked that Auger spectroscopy can also 
be carried out using incident electrons to create the initial hole. 
The lifetime width of XPS lines is dependent on Auger transition rates. 
When the primary vacancy is created in one of the inner subshells of the L, 
M, N, ... shells, the available energy is often sufficient to bring about a 
process in which one of the two final vacancies lies in an outer subshell of 
the primary vacancy's shell. Radiationless transitions of this type, for 
example L1L3M5 are called Coster-Kronig processes. When all three orbitais 
involved in the Auger process are within the same shell one speaks of super 
Coster-Kronig processes. Because of the greater overlap between subshells of 
the same quantum number, Coster-Kronig transition rates are much faster than 
normal Auger rates. Consequently, very short lifetimes of holes in core le­
vels i.e. very broad XPS lines occur when (super) Coster-Kronig processes are 
7 p 
energetically possible ' . As an example, Fig. 1.5 shows the 4s and 4p lines 
of Sb in the metallic state. 
In the second mode of atomic de-excitation. X-ray fluorescence, the 
vacancy is again filled by an outer electron, but now the energy released is 
emitted as a photon. The emitted radiation is, of course, characteristic for 
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{•iqurp l.ñ X-rau photoemiesion sOe^lvm of the 4s and 4v levels o" Sb in 
the теІаІТъс state. The епртп soale t's the kinetic eneran of 
the e¿acled photoelectron. ι he width of the 4p level is Jevy 
larqe due to the οβο/ννηα of (svper) Costep-Kronín v/'oreooe.íj 
that fill the hole in the 4^ shell, which resuite in a very short 
lifetime of the hole. The ^eaks at about IC eV beloui the s s and 
4') level arc due to vlaomon-loss satellites. 
the sample. X-ray fluorescence is the more prominent decaying огосечч for 
heavy elements. 
1 2 2 Scattering of electrons after photoemission 
In general, electrons originating deep in a solid will not escape with­
out being inela^tically scattered by interactions with the bolid. The result 
is a loss of intensity from the peak of the unperturbed photoelectrons and 
the production of peaks and continua at lower kinetic energies, representing 
the energy losses. Examples of discrete energy losses are plasmon exci­
tation (Fig. 1.6) - plasmons are collective oscillations of the electron 
density - and interband transitions (Fig. 1.Θ). Ilio stepwise increase of the 
background after each ΧΡΞ line is also due to (multiple) melasti cally scat-
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the X-ray OhoLoeninsion sveatmn of Al and М/АІ20-%. 
if " 
In Figure Ί.6 Pari 
the nveatrim of Al metal several narrow lines are fovnd bo ac­
company the main Ρs and 2p core lines and the valence band. The 
extra lines, vlasmon-loss satellites, are due to vhotoeleatrons, 
which have lost part of their kinetic energy by the excitation 
of one or several plasnons. The excitation can be both extrinsic 
and intrinsic. The Olas"ion-7,osses can be divided into bulk Plas­
mons (separated by an energy fiu^J and surface plasmons (hiús). 
Partial oxidation of the Al surface has a dramatic effect on the 
soectrvm. The no-loss XPS lines split due ьо the presence of ΑΙχ 
0^: The binding energy of a 2s or 2p election of Al in Л1?0ъ is 
different from that in Al metal. This difference in binding ener­
gy is called the chemical shift. Furtheyrriore, an XPS line origi­
nating from O(Ps) electrons is observed, '¡'he structure due to the 
bulk plasmor-losses renairs the same and is characteristic for 
metallic Al, but the surface plasmon-loss satellite has disap-
peared. 
10 
tered electrons (see for instance Fig. 1.2). 
The depth from which an electron can escape with unimpaired energy is 
given by its mean free path length λ, and is dependent on the kinetic energy 
of the electron concerned. Experimental determinations of λ exist for a num­
ber of metals and compounds and for a number of different electron energies 
9 - 1
', For electron energies between 10 and 2000 eV the values of λ vary from 
5-25 A (see Fig. 1.7). The absorption length of the incident photons is typi-
mean free path (ÄI ƒ 
10 
30 
20 
10 
10 100 1000 10000 
energy(eV) 
Uigiire 1.7 Flpctron mean free path, ~к, as a function of the electron pnerqif. 
Tiie curve in determined from a пілтЬе of expérimentai oaVues of 
λ
4 - 1 1
 for netalu and compounds at spjcral values of the electron 
energy. 
cally in the order of IO1* A. As a result, the kinetic energy distribution of 
the photoelectrons in the vacuum is dominated by degraded electrons coming 
from deep inside the sample. The reason that the undegraded part can be ob­
served in XPS is that it is narrow, while the degraded part is spread over a 
wide energy range. 
Due to the small electron mean free oath, XPS is a surface sensitive 
technique, and a small surface contamination can have a large effect on the 
11 
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Гг jure ','? X-y'ay photo emir ai on яре··1 r m of the i''l(¿d) ZPJPÏS and electron 
í'nevjy Ions .феоЬгчт at a prñnnrj ^>\>г-у of POO eV of Pd metal. 
¡he LOPS slrvcture ίβ Ό ir>i гаііи due to a s ivf toe іаагоп-іовв 
and inforband ·ranoitiofe. Tie Loja atruci /ve of the hEL spectrum 
i's· iipry similar to that in the XPS aprctmin. 
experimental spectrum (see for instance Figs. 1.3 and 1.6). As a consequence, 
sample preparation is of major importance and will be discussed in section 1.4. 
Λ more direct way to study energy losses is electron energy loss spec­
troscopy (bbL). Here the incident photons are replaced by electrons with a 
well defined (primary) energy, that can be varied. The EEL spectrum gives the 
distribution of the electrons that are bcattered from the sample. A large 
peak is due to electrons that are scattered elastically. Peaks at lower ener­
gy are due to tne characteristic energy losses in the sample. Fig. 1.8 com­
pares the EEL spectrum of Pd metal at a primary energy of 900 eV with the 
1? 
loss structure in the XPS spectrum of the 3(3 levels. The shape of the loss 
structure is similar in both spectra. In Fig. 1.9 the EEL spectra of Al and 
no-loss 
eV 
Figure 1.9 Electron energy loss яреоіпт of Al (A) and Al/A^O^fB) ab a pri-
mavy energy of 1000 eV. In the speotvum of Al meial a rich structure 
i-i; observed originating from extriyiuic excitation of plasmane. "he e-
ner'gy nevaration of the plannon-locs oatellites is the same as in the 
XFO spe(!tr>m (Fig. l.C), Ir.it the lineshaoe is different, '.'he s~".rfa^e 
plasmor-loss intensity in the speatrv/n of Al metal is increased aom-
p.->rcJ jiih the Xi'S specti^m d-ie to the fact that the electrons aroso 
the s'-.rfaae 'Asice and to the shorter inû^rmation derith. Partial 
oxidation of the Al sv.rfa'в does Hol "hange the 1> ilk vlas'von-
lossas, by.t influences the surface olasmon-loss, whi-^h is less 
intense and displaced fron its original oosition. 
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АІ/АІ2О3 is depicted. The plasmon-loss satellites should be compared with the 
satellites in the XPS spectrum (Fig. 1.6), especially for the surface plasmon-
loss. 
The inelastic scattering of the electrons has important consequences for 
the use of XPS in quantitative analysis. The theoretical values for the cross 
section of photoiomzation are calculated including all the possible final 
states (see section 1.3). The determination of the experimental intensity, 
however, is hampered by the occurrence of melastically scattered electrons, 
that affect both the no-loss oeak and hide other f]nal states. Note that also 
in the case of Auger transitions inelastic scattering can occur. 
1 3 Final state effects 
Fq.(3) suggests a single peak to occur m the XPS spectrum for each elec­
tron orbital. The theoretical basis for this is Koopmans' Theorem the bin­
ding enprgy of orbital ] is equal to the negative of the orbital energy of 
orbital j in the initial state. This means that the final ionized state is 
described with the same one-electron wavefunctions as the initial state. Ob­
viously this is not correct· the electrons in the ion will rearrange and the 
result of this relaxation is not necessarily unique. That is, several final 
states with different energy Ες are possible, resulting in more than one XPS 
line or, in some cases, in a broadening of the XPS line. The final state with 
tne lowest energy (largest relaxation energy) is in general identified with 
the binding energy. In many cases this final state will have a much higher 
probability than the others. In the spectra of Figs. 1.1-3, for instance, this 
leads to the easily identifiable peaks. In solids the relaxation energy de­
pends not only on the initial (atomic) configuration but also on the extra 
atomic electron distribution (see also chapter 5). Peaks ascribed to other 
final states (shake up satellites) can be seen in the spectra of the (pseudo)-
halides (Fig. 1.3). However, it is not always oossible to distinguish 
these "intrinsic" processes from characteristic energy losses ("extrinsic"). 
A more obvious example of different final states affecting the XPS spec­
trum is encountered when an electron is ejected from an orbital with angular 
momentum. In the case of gold, for instance, (Fig. 1.1) ejection of an elec­
tron from Lhe filled 4f shell results in two final states F15/2 ап<3 F7/2 with 
a splitting given by the spin orbit coupling constant and an intensity ratio 
roughly equal to the multiplicity of each level. Ejection from an open shell 
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Figure 1.10 Part of the X-ray photoemission speatmrn of europ-ium and dyspro-
вгьип metal. Photoemission of an f electron produces an f shell 
with n-1 electrons not necessarily in its ground state. The pro­
bability uith which the around and excited states of 4Jm~'i are 
occupied may be calculated by projecting the initial configu­
ration on to the combination of the outgoing electron plus the 
manifold of final states13. In europium metal. Eu has the con­
figuration áf \ "Sy/j. ] i.e. all spins up (Hund's rule). Pemoval 
of an f electron results into the set of final states 7yj with 
J = 0,1,.. .6, which have only a very small splitting; thus only 
one cingle line is observed. In dysprosium metal (configuration 
df^) seven spins are up and two down. The removal of a spin-down 
electron leads to the 'F state, the ground state of the 4j® con-
figuration. The peak at ~ 1245 eV has to be attributed to this 
final state. Removal of a svin-uv electron leads to several 
quintet states13 namely ^L, 5K, 5I, 5I1, ^G and 5D all centered 
around 1241 e'/. The final state analysis thus readily accounts 
for the observed structure in terms of configuration which does 
not exist in the initial state. 
can lead to a multitude of final states as examolificd by the spectrum of dys-
prosium in Fig. 1.10. In metals the final state involves rearrangement of the 
conduction electrons around the hole created by photoemission. In alkali me-
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Fimpß I. li X-rau рЬоіовтіяагпп apeotmn of the ."á leocls of ?J in the mé-
sallia Diate and in ffie alloy PâSb. The asyn^etrni in the snea-
Lrurn of Pd natal ie due to electron hole excitations in the va-
lence band, that ігсогюапу Ihe ejeation of the .id electron. Γη 
Pd'ìb the density of otates at the Fermi enerjy is lower than in 
the metal (see Fig. S.V and as a consequence the asymmetry in 
tie Sd lines is reduced, '"he shift in vosition between Pd and 
PdSb originates from the difference in electronic structure and 
in workfmction between both "laterials. A more derailed analysis 
in li 'en in ahavter ñ. 
t a i s t h i s r e s u l t s in f ina l s t a t e s charac te r ized by the loss of one or several 
Plasmon energy u n i t s . This " i n t r i n s i c " plasmon-loss thus i s of a t o t a l l y dif-
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ferent origin as the plasmon-losses due to ineldstic scattering discussed in 
section 1.2.2 (extrinsic plasmon excitations). In chapter 4 an extensive stu-
dy of plasmon-losses in Al and Mg metal is presented. In other metals notably 
those with high electron density at the Fermi level, electron hole excitations 
in the valence band can lead to a distribution of final states that show up 
as a strong asymmetry of the XPS lines. Fig. 1.11 illustrates this for the 3d 
levels of Pd. These lineshapes have been discussed extensively both theore-
tically11* and experimentally15. 
1.4 Experimental aspects 
In Fig. 1.12 the experimental set-up is shown. The spectrometer used in 
Figjre 1.72 ïxpeririental set-up of an X-rau photoemiasion or electron enerny 
Loes ameriment. The speabroneter ir, a Leybold-Hevaeus LUS-10 
nveatpometer. Details arc. given in the tez1,. 
the investigations discussed in this thesis is a Leybold-Heraeus LHS-10 photo-
electron spectrometer. The radiation is generated in an X-ray tube of the 
Henke type. The copper anode has a magnesium or aluminum layer evaporated on 
it and consequently the energy of the photons is 1253.64 eV (Mg Κα radiation) 
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or 1486.65 eV (Al Κα radiation). The sample is a solid, that is mounted on 
the sample rod and is situated in the centre of the measurement chamber. The 
photoelectrons emitted at right angles to the plane of the sample are retar­
ded and focussed by the electrostatic lens on an electrostatic hemispherical 
electron energy analyser, which has a variable pass energy. In recording a 
spectrum the retarding voltage is swept repeatedly through the desired energy 
range. The electrons transmitted through the analyser are detected by a Vene­
tian blind electron multiplier. The counts are stored in a multichannel ana­
lyser. The Auger electron gun emits electrons of well defined energy, and can 
© 
@® 
to measurement 
chamber 
(T) temperature 
controlled sample rod 
(5) sample 
(3) cooled copper shield 
(4) evaporation/ 
sublimation rod 
preparation chamber 
Figure 1.1Λ (a) Sehematia view of the preparation ohamber of the LUS-IO spec­
trometer. The sample aan be heated or cooled. The sputtering 
gun and sample-nanipulator are not included in the figure. 
(b) Evaporation/sublimation rod to sublime or evaporate samples 
in vacuum. In case of sublimation the compound is placed in 
a capillary and heated indirectly, while in case of evapo­
ration the metal is Dlaced in a tungsten coil. Since the 
pressure in the orevaration chamber is in the order of 7Ö-5 
Pa clean samóles can be obtained in this way. 
be used both for electron energy loss soectroscopy and electron excited Auger 
spectroscopy as well. The vacuum m the measurement chamber and preparation 
chamber is maintained with the use of turbomolecular pumps. For samples with 
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a low vaoour pressure like metals and alloys the vacuum in the measurement 
chamber is in the order of 10"9 Pa. The calculations and the plotting of the 
spectra are done on an IBM 370/158 computer. 
Since XPS is a surface sensitive technique, the preparation of the sam-
ple is important. For this reason, a separate samóle preparation chamber with 
a separate vacuum system is attached to the measurement chamber (see Fig. 
1.13a). Here the sample can be scraped, heated or cooled. An alternative 
sample preparation method is the sublimation or evaporation of the compound 
with a sublimation/evaporation rod as depicted in Fig. 1.13b. Another tech-
nique, often used with metals, is sputtering i.e bombarding the sample with 
high energy noble gas ions to remove surface layers. 
However, many inorganic and organic compounds decompose during measure-
ment. Ihe decomposition rate can be reduced appreciably, at least for several 
gold compounds studied in chapters б and 7, by lowering the sample tempera­
ture and by using samólos prepared by evaporation of dilute solutions on a 
graphite substrate. 
In an actual experiment on a solid Eq.(3) for the kinetic energy of the 
photoelectrons has to be modified. The electron kinetic energy is measured 
with respect to ground potential of the analyser. However, if the solid sam-
ple is a conductor, there exists a contact potential between analyser and 
sample and the electron energy as measured by the analyser is 
E = hv - E 0 - е(ф - φ ) (7) 
о В sp s 
where the contact potential еЛф = е(ф„_· 
tion φ between spectrometer and samóle. Unfortunately φ 5 is often unknown and 
correction for the contact potential is therefore impossible. For this reason 
binding energies are usually referenced to the Fermi level: 
E¿ = Ь
в
 - еф 5 (8) 
and Eq.(7) becomes 
E = hv - E' - еф (9) 
e Β ερ 
The soectrometer workfunction m our case is 4.49 eV (see chapter 3) so that 
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an electron originating from the Fermi level has an energy of 1249.15 eV in 
case of Mg Κα radiation. In Fig. 1.14 the different quantities are illustra­
ted again. 
vacuum level 
c k i n 
ТГ7Л 
«ΙΦ,ΪΦ,Τ 
spectrometer sample 
Figure 1.14 Illustration of the quantities involved in Fqs.(7-9). The con­
tact potential, е(ф3р - фв) zs given by the dzfference in work-
function botwpn the svectrorneter r^
s
^) and ьагтіе '&
ΰ
)· 
For insulators the situation is more comolex because the potential dif­
ference between sample and snectrometer is not a physical constant, but is 
governed by experimental conditions. Photoemission leads to a positive char­
ging of the samolo and makes absolute measurements virtually impossible. In 
the literature various methods have been prooosed to provide the experi­
menter with зоне standard. The most wide-spread practice is the use of the 
С (Is) line as a reference, as carbon is almost always present as a surface 
contamination. However, we have used other methods, that will be detailed m 
chapters б and 7. It should be kept in mind that quoted binding energies of 
insulators refer to some fictitious Ferm level and never include the work-
function. 
In the foregoing, it was assumed, that the X-ray radiation is monochro­
matic. However, the X-ray spectrum of the Mg X-ray source consists in fact 
of the nam Kccj^ doublet and a series of less intense lines at higher energy 
due to (multiple) ionized initial states [ X-ray satellites or non-diagram 
21 
lines ] superimposed on a continuous background [ Bremsstrahlung ] . In chapter 
2 a method is described to remove from an experimental spectrum the lines 
due to the X-ray satellites. Fig. 1.15 shows an example. 
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Figure 1.1b Part of the X-ray photoemission spectrum of Fe-Cr sleet excited 
with Mg Ka radiation. The spectrum as measured (A) aoniains 
lines due to X-ray saiallives. ß.s a consequence the vosition of 
the Cr(?p) line cannot be determined. The lines due to X-ray 
satellites can be removed with a co'nputer program detailed in 
chavter 2. The resulting spectrum (B) gives the real position 
and shape of the Cr(6p) line. XPS is very useful in the study 
of alloys, corrosion products etcetera. 
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Several textbooks aro available on theory and applications of X-ray pho-
toelectron spectroscopy1'21-27 and the interested reader is referred to that 
literature. 
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CHAPTER 2 
REMOVAL OF X-RAY SATELLITES FROM Mg Κα FXCITED PHOTOELECTRON 
SPECTRA* 
P.M.Tli.M. van Attekum and J.M. Trooster 
Abstract - A numerical method in described to remove X-ray 
satellite lines from photoeleotron sveoti'a excited with 
Mg Ka radial,Lon. The satellite intensity is reduced to less 
than O.'Ab'Z of the Ka-t -> line. An. pxanrLe is aiven o" this 
method applied to the valence hand sveetrun of tin. 
2.1 Introduction 
Although the use of monochromatized ΑΙ Κα X-rays as the excitation source 
in ohotoclectron spectroscopy is increasing, conventional Mg and ΑΙ Κα X-ray 
tubes are still widely used. In many applications the Dossibility of in­
creasing the intensity at the expense of resolution is an advantage. Monochro-
mati^ation results in a higher resolution (by a factor J), removal of the X-
ray satellites and Bremsstrahlung background. However, the X-ray satellites m 
a conventional X-ray source all have an energy higher than the mam Kaj,? line 
and a fixed relation to this line. They can therefore be recognized as such in 
the photoelectron spectra. In a few papers, methods of removing the satellites 
have been mentioned. In this uaper a method is described of reducing the satel­
lite amplitudo in Mg Κα excited PES to less than 0.25'* of the amplitude of the 
mam line. An example is given of an application of this method. 
2.2 Photoelectron spectrum of graphite 
The X-ray emission spectra of Mg and Al have been studied by Krause and 
rerreira. Apart fron the well known Каэ and Ki^ satellites, there are a пигтіэег 
of smaller lines with energies up to 50 eV larger than the Kaj
 ? line. Krause 
and Ferreira used the photoelectron spectrum of gaseous neon. Tn Fig. 2.1 the 
carbon Is photoelectron soectrum of a single crystal of graphite excited with 
Mg Κα X-rays is given. 
•* "^hlished in: л. '-'Ictv-r г· •.-t" s", "c'a . ?hc>.',™., '7 (107/) /CC-.'/'i. 
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Figure 2.1 Carbon Is phoLoeleotron spectrum of a single crystal of graphite 
excited wiih Mg Ka radiation. The intensity is given on a loga-
rithmic scale. The X-ray tube was operated at 200 W, number of 
channels 1024. 
The spectrum was measured with a Leybold-Heraeus LHS-10 photoelectron spectro-
meter. The Henke-type X-ray tube has a copper anode with a Mg layer evaporated 
on it, and was operated at 10 keV and 20 mA. The photoelectrons emitted at 
right angles to the plane of the crystal are retarded and focussed by an elec-
trostatic lens on an electrostatic hemispherical electron energy analyzer, 
which was set for a pass energy of 50 eV. In recording the spectrum the re-
tarding voltage was swept repeatedly through the desired range with a period 
of 1 min. The electrons transmitted through the analyzer are detected by a 
Venetian blind electron multiplier. The counts are stored in a multichannel 
analyzer. Total count in the C(ls) peak was ca. 10°. 
The linewidth of the main peak in Fig. 2.1 is 0.90 eV and the resolution 
in the spectrum is slightly better than in the spectrum of Krause and Ferreira, 
but otherwise there is excellent agreement on the high-energy side. The struc-
ture at the low-energy side is due to inelastic scattering of the photoelec-
trons in the graphite crystal. 
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2.3 Removal of the satellites 
The X-ray satellites all occur at energies higher than that of the Ka 1 ;2 
line and the energy as well as the intensity of the satellites have a fixed 
relation to the energy and intensity of the Kdj 2 lino. The method used to 
remove the satellites from the measured spectrum is based on the following 
assumptions: (1) the lineshape including the Коц 2 u n e of all X-ray lines is 
Lorentzian; (2) the linewidth of all satellites is not less than the linewidth 
of the Koti 2 line; (3) the observed photoelectron spectrum is a linear func­
tion of the X-ray spectrum. Specifically this means that the detection system 
should not show any dead-time effects. 
The photoelectron spectrum is recorded as a digital, discrete energy 
signal Y(n) with η = 1, 2, ... Ν, and can be considered to be the response of 
a system S (= sample and spectrometer) to an input sequence X(n), which is the 
X-ray spectrum. Then Y(n) is given by the convolution sum of X(n) with the 
response function S(n) (ref. 3): 
Y(n) = T. X(k) S(n - k) Ξ X(n) * S(n) (1) 
k=-œ 
According to the first assumption, the continuous X-ray spectrum is described 
by a sum of Lorentzian lines 
M rfi. M 
X(E) = Σ 2 ^ = Σ Χ. (E) (2) 
i=o Γ? + (E - E . ) 2 i=o 1 
where i = 0 stands for the Kaj 2 line 
If E < E < E + ΔΕ is the energ 
η η ^ 
MCA during a measurement, the discrete energy input is given by 
y range corresponding to channel η of the 
X(n) = Σ Χ.(η) (3) 
i=o 
with 
i. (n) = I.r.tan"1 (— F -)/ 
\ Гі // 
E = E
n
 + ΔΕ 
E = E (4> 
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Then 
Y(n) = L' Χ. (η) * Ξ(η) (5) 
ι 
ι=ο 
According to the second assumption Г. > Г for all i, hence one can write 
X. (n) = X! (n) * X (n) (6) 
X 1 о 
w i t h 
X ! ( n ) = Ι . ( Г . - Г ) t a n " 1 
1 1 1 о 
/ E - E i \ / E = E n + 
Г
І -
 T
o)l E = En 
ΔΕ 
and X"(n) = S(E - E ) as the convolution of a Lorentzian with a Lorentzian is 
о n o 
a Lorentzian. 
Then 
Y(n) = Σ Χ! (η) * Χ (η) * S(n) = Σ Χ! (η) * S' (η) (7) 
I O . 1 
ι=ο 1=0 
where 
Ξ' (η) = Χ (η) * S (η) (8) 
ο 
S ' ( η ) i s t h e p h o t o e l e c t r o n s p e c t r u m due t o t b j Koq^? l i n e . 
X ! ( n ) * S ' ( n ) = T. x ! ( k ) · S ' ( n - k) = Σ S ' ( к ) · Χ! (η - к) 
1 , 1 , 1 
S ' ( η ) * χ : ( η ) ( 9 ) 
1 
the photoelectron intensity due to the X-ray satellites can now bo calculated 
as the response to the input sequence S'tn). 
In the following it is assumed that S'(n) is finite. Furthornore X!(n) is 
made finite by putting X!(n) = 0 for ІЕ - E.l > 10(Г. - Γ ). As stated before, 
ι ' n i ' i o 
E. > E for all i and therefore if no photoelectron intensity is present in 
the energy range preceding the range being measured, the inLensiLy Y(l) mea-
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surpd in the first channel is due to X' only and can be taken as equal to 
S ' d ) . The intensity at higher énergies dut» to the satellites can then be 
calculated from Eq.(7) and subsequently subtracted. Thereafter, Y(2) = S'(2) 
and the process is continued to the last channel. In general, there is photo-
electron intensity m the energy range preceding the range being measured and 
Yll) is determined also by the X-ray satellites of the preceding energy range. 
Neglect of this would lead to discontinuities. Therefore Y d ) is corrected 
Y (1) = Y(l)/(1 + xsum) 
corr 
where 
M 
xsum - Σ ί Χ'(η) 
ι=1 η 1 
This neans that it is assumed that Y(n) = Y (1) for η < 1. The other chan-
corr 
neis can be corrected in a similar way. 
The satellite response functions X'(n) were determined from a spectrum 
as given in Fig. 2.1 with a least-squares minimalisation program. The para­
meters E , I and 1 ' = Γ - Γ were determined such that the spectrum t-o the 
ι ι ι ι о 
right of the main peak after subtraction of the satellites approached the 
tail of a Lorentzian with position E = 28Ί.48 eV, Г/? = 0.J8 eV, and an in-
B 
tensity given by the particular spectrum being analysed. 
2 4 Results 
Л total of twelve satellites was used to deconvoluto the spectra. The pa­
rameters are given in Table 2.1. The result of a satellite subtraction using 
these parameters is given in Fig. 2.2. Tt can be seen that the remaining in­
tensity variations are largest at the site of the аз, oti, satellites where they 
arc of tno order of 0.25? of the main peak. These remaining intensity varia­
tions can be traced to the assumption of Lorentzian Ineshapes for the X-ray 
linos: the main line, for instance, is an unresolved doublet with intensity 
ratio 2 : 1 . 
The parameters given in Table 2.1 are a function of the X-ray source only 
and can oe used also for ot4er spectrometer functions. Figure 2.J ^hows tne 4d 
lines and valence band of Sn, before and after removal of the satellites. The 
?9 
spectrum obtained after subtraction of the satellites should be compared with 
that obtained with monochroma Li zed radiation by Pollak et al.1*. The results 
are of comparable quality. Prom the shape of the spectrum at the Fermi edge of 
several metals the linewidth of the main line was determined to be 0.65 eV at 
most. 
Although the aim of this research was the removal of the X-ray satellites 
from photoelectron spectra it is worthwhile to compare the satellite para-
Table 2.1 Position, relative intensity and linewidth difference with the 
Ka\ 2 line for X-ray satellites of Mg' 
.ine 
a' 
a3 
1 
»3 
a4 
ae 
«s 
a 7 
«6 
Bi 
ß2 
Вз 
Bu 
energy E. - E 
1 0 
(eV) 
4.90(2) 
8.40(1) 
8.97(5) 
10.21(1) 
16.92(5) 
17.61(5) 
19.04(5) 
20.63(5) 
45.43 
46.78 
47.44 
48.74 
peak-height I. 
(% eV"1) 
1.39 
53.53 
11.05 
6.31 
0.20 
0.79 
0.23 
0.60 
0.04 
0.02 
0.12 
0.28 
line width increase Г! 
ι 
(eV) 
0.247 
0.052 
0.021 
0.310 
1.30 
0.15 
0.50 
0.29 
1.59 
1.05 
O.f' 
0.67 
area intensity A 
(%) 
1.08(5) 
8.66(10) 
0.72(5) 
6.14(10) 
0.80(5) 
0.37(5) 
0.36(5) 
0.55(5) 
0.21(5) 
0.06(1) 
0.26(5) 
0.60(5) 
The numbering follows Krause and Ferreira2 except, for the 0 satellites, which 
have been artificially decomposed into four Lorentzians. The second column 
lists the energy distance to the Καχ 2 line. The peak-height is given in per­
centage units of the Και 2 Une per Δ1·', wh^ve Λί' is the energy increment ver 
channel. The area intensity is listed in percentage units of the Ка
х
 2 line 
and given by A = πΓ'. · I.. Errors are given in units of the last decimal. По 
errors are given for the positions of the β satellites as this decorosi lion 
is rather arbitrary. 
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Figure 2.2 Same spectmm as given in Fig. 2.1 after subtraction of satel-
lites with the intensity given on a linear scale. 
Table 2.2 Position and relative intensity to the Και ι line for X-ray satel­
lites of Mg according to Krause and Ferreira and this investigation 
line Krause and Ferreira (ref. 2) 
energy (eV) intensity (%) 
this investigation 
energy (eV) intensity (%) 
a" 
a' 
»3 
1 
»3 
Ομ 
<>8 
»5 
«7 
«6 
S! 
$2 
6э 
6-ß., 
ßl/2 
3.6 
Α.6 
β.5 
-
10.1 
15.7 
17.4 
19.2 
20.6 
-
-
-
48.6 
49.9 
0.3 
1.0 
9.1 
-
5.1 
0.12 
0.76 
0.29 
0.48 
-
-
-
0.55 
1.7 
-
4.90 
8.40 
8.97 
10.21 
16.92 
17.61 
19.04 
20.63 
45.43 
46.78 
47.44 
48.74 
-
-
1.08 
8.66 
0.72 
6.14 
0.80 
0.37 
0.36 
0.55 
0.21 
0.06 
0.26 
0.60 
-
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meters wxth those obtained by Krause and Ferreira . This is done in Table 2.?. 
The intensities given are area intensities. There is good general agreement. 
It is known ' that the positions and intensities of 03 and оц are sensitive 
for oxidation of Mg. We have made an analysis as given above for four dif­
ferent anodes and only minor differences were observed. During the lifetime 
of the anode the intensities of the aj and сц lines change slightly. The dif­
ferences are up to a few tenths of a percent of the intensity of the Kaj 2 
line over a four-month period. 
2 5 Conclusions 
With the method described, the X-ray satellite lines can be almost com­
pletely removed. The remaining signal has mainly a derivative character. Tnis 
means that for broader lines the remaining signal is even smaller than 0.25%. 
Thus one of the disadvantages of unfiltered X-rays can be largely overcome in 
a simple way. 
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CHAPTER 3 
ON THE RESOLUTION OBTAINABLE IN X-RAY PHOTOELECTRON SPECTROSCOPY 
WITH UNMONOCHROMATIZED Mg Κα RADIATION* 
P.M.Tli.M. van Attckum and J.M. Trooster 
3.1 Introduction 
In this paper we discuss the resolution obtainable in photoelectron 
spectra excited with unmonochromatized Mg Κα radiation. In section 3.2 we 
consider the various contributions to the instrumental resolution function 
and give theoretical estimates. In section 3.3 we discuss experimental results 
and compare them with theory. 
3.2 Theory 
The lineshape S(E) in an X-ray photoelectron spectrum is the result of 
a convolution of the lifetime lineshape of the level studied, 1(E), and an 
instrumental resolution function, R(E): 
S(E) = ƒ HE') R(E - E') dE' Ξ 1(E) * R(E) (la) 
The instrumental resolution function in turn is the result of a convolution 
of the lineshape of the exciting X-rays, R„(Ε), and the spectrometer func­
tion, R (E) : 
R(E) = R
x
(E) * RS(E) (lb) 
For a magnesium X-ray tube R (E) consists of the strong Коц 2 doublet 
(E = 1253.64 eV) and a number of weak lines at higher energy. The contribu­
tions of these weak X-ray satellites can be removed from the photoelectron 
spectrum using a method discussed elsewhere and only the Kaj 7 radiation 
Submitted to: J. Electron Spectrosc. Pelat. Phenom. 
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eV 
Figure S. 1 Calculation 
of experimental 
lineshapes from 
theoretical esti­
mates. 
A_ X-ray excitation 
spectrum of Mg 
calculated from2: 
AFLS(Pp) - 0.28 eV, 
Τ (Is) - 0.35 eV 
and T(Pp) - 0.03 
eV. The intensity 
ratio of the con­
stituent Lorentz-
ians was ? : 1. 
В Instrumental reso­
lution function 
obtained by convo-
luting the result 
of (A) with a tri­
angular function 
with F.W.H.M. -
0.40 eV. 
C_ Convolution of (B) 
with a Lorenizian 
with F.W.H.M. = 
0.38 eV, corres­
ponding with the 
lifetime ìùidth of 
the Ag(3d^/2) core 
level. 
D Integral of (B). 
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will be considerpd in the following discussion. The lineshape of the Kaj^p 
line of Mg сап be calculated using the results of Citrin et al. 2. These 
authors determined the spin-orbit coupling of the 2p level as well as the 
lifetime width of the Is and 2D levels using high resolution photoelectron 
spectroscopy UET (2p) = 0.28 eV, r(ls) = 0.35 + 0.03 eV and Г(2р) = 0.03 ± LS 
0.02 eV. The Kaj 2 X-ray lineshape can thus be calculated as the sum of two 
Lorentzians of intensity ratio 2 : 1 , Imewidth 0.38 ± 0.04 eV and splitting 
0.28 eV. The result is shown in Figure 3.1A. 
The spectrometer function R (E) of the Leybold-Heraeus electron spectro­
meter used in this study has been discussed by Polaschegg . R (E) can be ap­
proximated by a triangular function with a full width at half maximum inten­
sity (F.W.H.M.) equal to E/120 - quoted by the manufacturer -, where E іч the 
pass energy of the hemispherical analyser. A numerical convolution of R Y (
E ) 
of Figure З.ІА, with R (E) for E = 50 eV gives R(E) as shown in Figure 3.1B. 
The F.W.H.M. of R(E) is 0.74 eV. 
To compare with experiment the instrumental resolution function of 
Figure 3.1B has to be convoluted with the lifetime lineshape of the level 
studied, 1(E). We discuss here two cases. 
(I) Photoelectron lines of core levels of metals often have an asymmetrical 
lineshape; however, according to Hufner and Wertheim the 3d5/p line of 
Ag is an almost symmetrical Lorentzian with F.W.H.M. = 0.38 eV. Convo-
lutmg a Lorentzian of F.W.H.M. 0.38 eV with the resolution function of 
Figure 3.1B results in a lineshape as given in Figure З.ІС, with F.W.H.M. 
equal to 1.02 eV. 
(II) The lineshape at the Гегті-edge of the valence band of a metal with high 
d-density at the Fermi energy is essentially a step function. According 
to Eq.(la) the experimental spectrum is therefore given by the integral 
of the instrumental resolution function. The result is shown in Figure 
3.1D. 
3 3 Experiment and discussion 
The experiments were carried out witn a Leybold-IIeraeus LHS-10 photo­
electron spectrometer described elsewhere5. The spectrometer was equipped 
with a preparation chamber in which Pd- or Ag metal was evaporated onto a 
stainless steel substrate at a pressure less than 10 - 6 Pa. Immediately after 
the evaporation the samples were transferred into the measurement chamber 
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through a valveless lock. The pressure in the measurement chamber was better 
than 10 _ B Pa. The spectra were stored in a multichannel analyser and after 
completion of the measurement the X-ray satellite 1ines were removed from the 
spectrum1. Results for the 3d core levels of Ag and the valence band of Pd 
are given m Figure 3.2. 
C/M1N 
Figui'^ o . ' /. ^.nert"ien/,all-y mpaei/red Ag ?,d core linee a; a pass cncrjy of 
'Jip, сLectrcia ¿neotrometer of fO еУ afiet' removal, of lines âЛР 
to X-ray salellites. 
В г.х7,ггІтчрг.іаІІу nca.Tjn'd valence Ътпа of Pd meial at a paco 
eru'vjy of the electron soeatrometer of öl eV aftpy rrnoaL 
rf the inters'ij due to X-i'ai' rn>ellitan. 
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Figure ¿.á A_ Ag('¿d^/2) photoelectron line of Figure 3.2A compared with the 
calculated lineshape of Figure ¿. TC. 
В Гегті-edge as measured with a pass energy of the electron spec­
trometer equal to SO eV, on an exoanded scale. 
£ Difference spectrum derived from Hgure Z.iB compared with the 
calculated resolution function of higure 3.1B. 
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In Figure 3.3A we compare on an expanded scale the Ag(3d5/2) lineshape 
with the calculated lineshape of Figure 3.1D. The comparison is hampered by 
the presence of inelastically scattered electrons on the high energy side of 
the measured spectrum, but the measured spectrum is clearly ~ 0.1 eV narrower 
than predicted. 
The measured spectrum of the Fermi-edge is a direct measure of the in­
tegrated instrumental resolution function. However, it is not very well suited 
to determine the instrumental resolution. This is because the resolution is 
defined as the width for a specified INTENSITY change (in our case F.W.H.M.), 
whereas the valence band spectrum at the Fermi-edge measures the integrated 
intensity and the width (or slope) of the Fermi-edge in the spectrum is there­
fore given by the change in AREA. Only for a Lorentzian line is the F.W.H.M. 
the same as the halfwidth (i.e. ΔΕ for I = 3/4 I
ma
x to I = 1/4 I
m a x
) of the 
slope of the integrated spectrum. For all other conceivable experimental line-
shapes the halfwidth of the integrated spectrum іь less than the F.W.H.M. When 
the spectrometer function is not known the relation between the F.W.H.M. and 
the slope of the Fermi-edge can only be conjectured. However, the resolution 
function can be obtained directly from the Fermi-edge spectrum by numerical 
differentiation of the measured spectrum, i.e. by plotting the difference in 
intensity between adjacent channels. 
In Figures 3.3B and 3.3C we give the measured Fermi-edge spectrum on an 
expanded scale together with the numerically differentiated spectrum. The 
latter is to be compared with the calculated spectrometer function: As in case 
of the Ag(3dc;/2) line the measured F.W.H.M. is smaller than predicted by 0.1 
eV. 
The origin of the difference in predicted and measured F.W.H.M. of the 
resolution function probably is to be found in Lhe spectrometer function Rg(E). 
Using a formula for the resolution given by Polaschegg , we calculate F.W.H.M. 
= 0.31 eV instead of the value of 0.40 eV used. The calculated width of the 
resolution function however can be reduced with 0.1 eV if we reduce the width 
of the triangular spectrometer function RS(E) by 0.20 eV. It should be kept in 
mind, that the assumed triangular shape is only an approximation of R S(E). 
Results for other pass energies of the hemispherical analyser of our 
photoelectron spectrometer are shown in Table 3.1. 
The calculated electron density of states of bulk Pd contains a rather 
pronounced peak at the Fermi level which could possibly result in an appa­
rent narrowing of the measured Fermi-edge. However, XPK spectra taken with 
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Table ¿.1 Full width at half naxirun (F.W.Tl.M.) of Lhe Ag(?>d^/2) core level 
(A) and differentiated experimental Fermi-edae of Pd (B) as func-
tion of the paos energy of the hemispherical analyser. In (C) the 
halfwidth of the slope of the Fermi-edge of I'd is gijen. All 
values are in eV. The errors are estimates. 
pass energy pass energy pass energy 
50 eV 100 eV 150 eV 
A 0.90(3) 1.13(3) 1.33(3) 
В 0.64(3) 0.82(5) 1.04(7) 
С 0.46(3) 0.56(3) 0.76(3) 
monochromatic Al Κα radiation do not show appreciable difference between the 
Fermi-edges of Pd and Pt on the one hand and Rh and Ir on the other hand6 
even though in Lhe latter metals the Fermi-cdge lies below the peak in the 
density of states. Also, calculation of the band structure of the (111) sur­
face of Pd does not show this peak and in view of the surface sensitivity of 
XPS spectra this should result in a considerable reduction of the peak to the 
measured spectrum. 
A measurement of the Fermi-edge of Ag is hampered due to the long Lo-
rent^ian tail of the d-band, but gives essentially the same width as Pd. More­
over, the results obtained above from the Fermi-edge of Pd are consistent 
with the measured linewidth of the Ag(3d5/?) core line. 
In conclusion, wo find that the instrumental resolution is 0.64 eV for a 
pass energy of bO eV. The lower limit is 0.57 + 0.03 eV due to the width of 
the exciting Mg Kaj 2 radiation. 
The measured resolution is not much less than va]ues quoted for spectro­
meters equipped with a monochromator. This is also apparent from Figure 3.4, 
where we show the 4f- and valence band spectrum of dysprosium metal. This 
spectrum should be compared with that obtained with a monochromator as given 
by McFeely et al. . 
3.4 Appendix 
We have made a number of attempts to fit the measured Fermi-edge with an 
integrated Lorentzian, and the differentiated spectrum with a single Lorentz-
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Figure A.4 Kxipevimentally meaxured 4f and valence bœid геаъоп of dys­
prosium metal at a paso energy of the electron svectronetap 
of 00 eV after oorreation for X-ray satellites. 
i a n . Representat ive r e s u l t s are shown in Figures 3.5A and 3.5B and in Table 
3.2 the f i t t e d F.W.H.M. of both the Lorentzian and t a n - 1 are l i s t e d as a func­
t i o n of the pass energy of the analyser . The F.W.H.M. of the f i t t e d Lorentz-
ians i s only s l i g h t l y l e s s than the values obtained d i r e c t l y from the diC-
Tahle 3.2 Full width at half пахіггглт (F.W.H.M.) of the I.orentr.iar'S uncd to 
fit the differentiated Femi-cdgc of Pd-neUil (A) and of tar~l 
used to fit the experiment il Fcrmi-edje (B) as function of the pam 
energy of the analyser. All val íes are in cV and the ern'OPS are 
estimates. 
pass energy 
50 eV 
pass energy 
100 eV 
pass energy 
150 eV 
0.58(3) 
0.47(4) 
0.78(5) 
0.59(4) 
0.96(7) 
0.71(4) 
ferentiated spectrum. Figuro 3.5A shows that a Lorentzian is a reasonable ap-
proximation of the instrumental resolution function at a pass energy of SO cV. 
However, the linewidths of Lan-1 fitted to the Fermi-edge are too small for 
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Figure ¿.b Л Fit to the differentiated speotrum of Figure Ъ.ІС with a single 
Lorenlzian (solid line) of F. V.Il.M. = 0.S8 eV. 
В Fit- to the experimental Fermi-edge of Pd metal of Figure S.3B 
with tan'1 (solid line) of F.W.Il.M. = 0.47 eV. 
the reasons explained in section 3.3. Fits with doublets of Lorentzians or 
tan - 1 subject to the same constraints as used to calculate the X-ray spectrum 
gave only minor differences. Nevertheless, the fits have been useful as they 
result in an accurate determination of the photoelectron energy of electrons 
ejected from the Fermi level - i.e. 1249.15 ± 0.03 eV - and the intensity as 
function of the pass energy - i.e. 1.0 ± 0.1, 3.6 ± 0.1, 9.0 ± 0.1 for 50, 
100 and 150 eV, respectively. 
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CHAPTER 4A 
BULK AND SURFACE PLASMON-LOSS INTENSITIES IN PHOTOELECTRON, AUGER 
AND ELECTRON ENERGY LOSS SPECTRA OF Al METAL* 
P.M.Th.M. van Attekum and J.M. Trooster 
Abstract - The intenji'ties o„'plaonon-loss aatellitej o.' core 
lir>es and the valence Land in X-vay vhoLociinsion epeotra^ an 
jell as of AIIJPP lines of A' are deLemincd by aonvoli'ting 
Lhe no-loss яр Ρ e tra with an asynr*>c>iï>ic Lovenizian lineshape. 
InLrinsic processes rOntT^ibjU' P,b% of 'Лс total plasman in-
icesity of XP3 core lines, h'^r the valence band the intrinsic 
process is noticeably less and contributes approximately 12%. 
"or the- KLL and KU/ / i-ier lines the intrinsic processes have 
''ne sarà contri''•ytion as for '-V Xi'C "ore lives, '¡'he extrin-
sic Plasmon-J ose, ic^ensiLu is r¡eacured independently on a-
lcctro?i energy loss spectra, '"he tint'ehave of the plasmon-
losres in the latter is different from that in XPS and Aii'jer 
spectra, and both are different from theoretical plasman 
enereiy distribution fmctioiis. The ir,r(i'lance of intrinsic 
processes is confi med : у the obéi ìVatirn of a plasmon-gain 
lina in t'>r KLL . ijer spectrum. 
4A. 1 Introduction 
Thie existence of collective electron density oscillations (plasmons) is 
known since the theoretical work of Pines and Böhm1-3. Since that time many 
expermentalists using different techniques have studied these plasmons, es-
pecially m the free electron metals, where the ріаччопз manifest themselves 
most clearly. For Л1 metal many studies have been published using optica]- , 
energy loss-^'° and electron transmission ' techniques. Tn all these expe­
riments the excitation oí the olasmon occurs during the transport of the e-
lectron through the solid - the so-called extrinsic plasmon excitation. In 
X-ray photoemssion a second kind of olasmon excitation is possible -the so-
* "^  ,- / 
..·. ?„ 
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called intrinsic process- where the excitation of the plasmon takes place 
smultaneously with the creation of the hole. Both contributions can be se­
parated by an analysis of the area intensity of the subsequent plasmon-loss 
lines1"'11. Since the intrinsic process is believed to contribute only a mi­
nor part to the plasmon intensity a careful analysis is necessary. In the 
present study on Al metal the plasmons acconroanying the ?s and 2p core levels, 
the valence band and the X-ray excited KLL and KLV Auger lines will be dis­
cussed. Furthermore results of electron energy loss expennents will be given. 
The plasmon-losses of the core and valence band photoelectron spectra have 
been studied earlier10-1'1 and we will comment on this work in connection with 
our results in section 4A.4. 
In section 4A.2 the experimental asoects of our investigation are given. 
In section 4Λ.3 the experimental results are analysed. Finally the results 
are discussed in section 4A.4. 
4A 2 Experimental 
X-ray photoelectron. Auger and Electron Energy Loss (EFL) spectra were 
measured in a Leybold-IIeraeus LHS-10 spectrometer. The excitation source for 
the ΧΡΞ and Auger spectra was a Henke type X-ray tube with Mg anode operated 
at 200 watts. The Кэц ? line of Mg has too low energy for photoionization of 
the Al K-shell, but the Bromsstrahlung background proved to be of sufficient 
intensity to enable the study of the KLL and KLV Auger transitions. The X-
rays illuminate the sample under an angle of 60° with the normal to the sur­
face. Electrons escaping from the sample along the normal to the surface are 
retarded and focussed by an electron lens on the entrance slit of a hemisphe­
rical analyser set for a constant pass energy . The spectra were measured 
by repeated scans of one minute and stored in a multichannel analyser. The 
X-ray satellite lines in the photoelectron spectra were removed with a com­
puter program described elsewhere . The ELL spectra were measured with pri­
mary electrons impingirg on the surface under an angle of 60° with tne normal. 
The energy width of the primary electrons was less than 0.5 eV. 
Tnc samples were prepared in a préparation chamber by evaporation on a 
polished stainless steel plate at a pressure of ~ 10-6 Pa. Immediately after 
the evaDoration the samolo was slid into the measuring chamber through a val-
veless lock. The pressure during the measurements was less than 10 Pa. The 
samóles were free of iirrourities, no carbon or oxygen could be detected. 
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4A 3 Results and analysis 
4A 3 1 XPS core lines 
The XPS spectrum of the 2s and 2p levels of Al metal with accompanying 
plasmon-loss lines is shown in Figure 4А.ІА. This spectrum was measured with 
a transmission energy of 50 eV, which results in an instrumental lineshape 
which is Lorentzian with a linewidth of 0.60 eV 1 7. Apart from the bulk plas­
mon-loss lines, a surface plasmon-loss line can be clearly discerned. In 
judging the intensity of the surface plasmon-loss line, it should be kept m 
mind, that electrons are measured, that escape at right angles to the sur­
face. The binding energies are: 118.1 ± 0.1 eV for the 2s and 73.0 ± 0.1 eV 
for the 2p line. These values are the mean of three independent measurements 
and in good agreement with those published earlier 1 8 - 2 0. The asymmetric line-
shape of the no-loss lines is a consequence of electron-hole excitations and 
has been extensively discussed by Citrin et al. . The plasmon-loss peaks 
are also markedly asymmetric. The shape of the plasmon-loss lines has been 
discussed by Hedin22 and Penn12-11*. However, we found that the theoretical 
lineshape of Hedm or Penn could only reproduce the main features of the 
measured spectra (see below). Therefore and for computational reasons a sim­
pler analytical expression was used to describe the asymmetric plasmon-loss 
lines, using the following assumptions-
a) The n-th bulk plasmon-loss line P
n
 is given by the convolution of the no-
loss line Ρ with the plasmon-loss energy distribution function D
n
(E): 
Ρ (Ε) = Ρ (E) * D (E) (1) 
n o n 
b) D (E) is given by an asymmetric Lorentzian: 
V*' = — / E 1 - E \ 2 < 2> 
1 + 
( Г п ( Е ) П ) 
Asymmetry is obtained by taking Γ
η
(Ε) = Г^ for E < E
n
 and Г
П
(Е) = Г^ for 
E > E . 
η 
с) Το reduce the number of parameters the following relations were assumed 
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to hold: 
r
R
'
L
 = η r
R
'
L
 (3a) 
E = η E„ (3b) 
η В 
Εβ is the bulk plasmon energy. 
d) The surface plasmon energy distribution function is similarly described 
by: 
Ρ (Ε) = Ρ (E) * Ό (E) (4) 
b o t 
with D
s
(E) also given by an asymmetric Lorentzian with parameters I
s
, rt, 
r
s
 a n d E
s· 
e) Lines due to a combination of bulk and surface plasmon-losses are given 
by: 
P^ (E) = Ρ (E) * D^ (E) (5) 
S,η Ο S,η 
where Dg
 n
 is an asymmetric Lorentzian for which 
r
R,L
 = r
R,L
 + r
R,L
 ( 6 a ) 
S, η η S 
ES,n = n EB + ES ( б Ь ) 
I 4 η = 1r, X Ι 4 ( 6 C ) 
S ,η η S 
f) Multiple surface plasmon-losses are neglected. 
In réf. 16 a method was given to determine the positions and intensities 
of the X-ray satellite lines in an XPS spectrum. With the assumptions given 
above the same method can be used to determine the parameters In, Γ , l'L, Eg, 
I S ' ^s' 's' ES" s t a r t i n 4 from the right in Figure 4A.1A we can remove from 
the spectrum the intensity due to plasmon excitations using the algorithm des-
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cribed in réf. 16. The best values of the parameters were determined with a 
least-squares fitting procedure with the requirement that the spectrum to 
the left of the 2s line should approach the tail of a Lorentzian of linewidth 
1.75 eV and intensity 55000 counts/min, superimposed on an adjustable con-
stant term. Although the least-squares fitting was restricted to the part of 
the spectrum left of the ?s line the contributions m this region of the plas-
mon-loss lines associated with the 2p line were taken into account. Seven 
plasmon-loss lines of each ΧΡΞ line have been included m the fitting proce­
dure. Fits have been made to three independent measurements. Figure 4A.1B 
gives the spectrum obtained after removal of the plasmon-loss lines using the 
parameters given in Table 4A.1. Smoothing the spectrum of Figure 4A.1B, one 
parameter 
II 
І2 
ІЗ 
ІЦ 
І5 
І6 
І7 
r-L 
r
R 
S 
24.6 (5) 
8.4 (3) 
3.6 (2) 
1.6 (1) 
0.8 (1) 
0.4 (1) 
0.2 (1) 
5.0 (2) 
1.52(5) 
0.60(5) 
1.1 ( О 
0.5 (1) 
15.32(5) 
10.41(5) 
SeV"1 
%eV-1 
%eV-1 
Яе "
1 
%eV"1 
%eV"1 
%eV"1 
%eV-1 
eV 
eV 
eV 
eV 
eV 
eV 
Table 4A.1 Beat parameter values for 
the vlasnon-losses in Al 
metal. Th" peak inter si+u 
(I
n
j Ig) is given in τercev-
taqe lira Is of the no-loss 
peak ver ΔΓ, wheve Δ£ is the 
e^^eray •injr&ncnt ver ahonde!. 
Furors are given in unit.1; of 
tne last decimal. 
obtains the soectrum of Figure 4A.1C which was used to generate the calcu­
lated plasmon-loss spectrum shown in Figure 4A.1D together with the measured 
data. A good fit is obtained up to the fourth plasmon-loss line. The value 
of E B is in good agreement with the results of Williams et al.
2
'
1
 who found 
E B = 15.2 eV, but somewhat smaller than found by Pollak et al.
1 < 3
 (Ьц = 15.7 
(2) eV) and Flodstrom et a l . 2 0 (Е
в
 = 15.7 eV). The ratio Eg/Eg = 1.47 is 
close to the theoretical value 1.41. 
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The following points should be noted: 
a) The plasmon-los<3 lines are calculated as a convolution with the no-loss 
line. The parameters of D
n
( E) are therefore a direct measure of the shape, 
area intensity and position of the plasmon-loss lines relative to the no-
loss line and are independent of the shape of the latter. 
b) The 'misfit' as apparent in Figure 4A.1B is of a derivative character. 
Hence the area intensities of the calculated lines are a better measure of 
the intensity than is suggested by the absolute deviations present in Fi­
gure 4A.1B. 
c) The inclusion in the fit of a constant term which raises the baseline on 
the left of the 2s line introduces an uncertainty in the intensities of 
the plasmon-loss lines. This baseline presumably is due to inelastic scat­
tering of the photoelectrons other than plasmon excitation. The reliabili­
ty of the results however, is supported by the good fit obtained for the 
first two plasmon-loss lines of the 2p line, which were not included m 
the sum of least-squares. Note that the 2p line is considerably narrower 
than the 2s line. 
d) To a very good approximation the 2s and 2p lines in Figure 4A.1C can be 
described with a Doniach-Sunjic lineshape over the same range as used by 
Citrin et a l . 2 1 . 
e) The intensity between the first and second bulk plasmon-loss line could 
not be fitted appropriately with the constraints described above. It ap­
pears that the intensity of the first bulk-surface plasmon-loss is higher 
as given by Eqs.(5,6). 
Following Pardee et a l . 1 0 the area intensity of the n-th plasmon-loss 
line is given by: 
η " (S/a) m A = α Σ ——, (7) 
η m. 
m=o 
where a = (1 + (J/L)" , £ is the mean free path for extrinsic plasmon excita­
tion, L is the mean attenuation length for electrons due to processes other 
than plasmon excitation. The parameter β is a measure for the probability 
Pj^tn) for intrinsic excitation of η plasmons: 
Й
П
 ß 
P1(n) = ~ e"P (8) 
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Чу least-squares fitting Eq.(7) to the experimental area intensities A
n
 as 
derived from the parameters listed in Table 4A.1, we found α = 0.62 and 
В = 0.21. In Table 4A.2 both measured and calculated values of A
n
 are given. 
rame ter 
Al 
A2 
Аз 
Α., 
As 
Аб 
Ay 
A S 
experiment 
% 
82 + 
56 ± 
36 ± 
21 ± 
13 ± 
β ± 
5 ± 
15 + 
2 
theory 
X 
83 
54 
34 
21 
13 
β 
5 
Table 4A.P Experimental area vntens-i-
ties of the bulk and sur­
face plasmon-losses com­
pared with theoretical va­
lues from Eq.(7) with a = 
0.62 and 0 = 0.22. The area 
intensbty is listed in per­
centage units of the no-loss 
line and given by 
With these values the total intensity m the bulk plasmon-lo<3S lines is 2.3 
times the intensity in the no-loss line and the intrinsic process contributes 
25% of the total plasmon intensity. An estimate of the effect of the baseline 
on a and ß was made by correcting the peak intensities of the plasmon-loss 
lines with the value of the baseline constant: either α or ß changed by about 
10%. 
The surface plasmon-loss intensity As is very close to the theoretical 
estimate Ό. This is an indication of the high purity of the surface: even very 
slight oxidation reduces the surface plasmon intensity appreciably. The ratio 
A
s/ Al = 0.18 is larger than the value which was found by Williams et al.2¿* 
through extrapolation of angle dependent measurements. It should be remarked, 
that the area intensity of the third plasmon-loss line of the 2p line is ap-
proximately 25% of the 2s line, with which it nearly coincides. Therefore ne-
glect of this line m analyzing the Imeshape of the 2s line, as is done by 
Citnn et al.21, is not allowed. 
4A 3 2 XPS valence band 
As mentioned before, the determination of the plasmon parameters is in-
dependent of the lineshape of the no-loss line. The same algorithm as was used 
to obtain the difference spectrum of Figure 4А.ІВ can therefore be used to 
remove the plasmon-loss peaks of the valence band spectrum. 
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Figure 4A.2A shows again the spectrum of the 2s and 2p l i n e s but t h i s 
time including the valence band. This bpecLrum was measured with a lower r e ­
s o l u t i o n than t h a t of Figure 4Λ.1Λ, which r e s u l t s in a higher c o u n t r a t e . F i ­
gure 4A.?B i s obtained by removing the plasmon-loss l i n e s using the parametors 
given in Table 4A.1. The spectrum to the l e f t of the 2s and 2p l i n e s c lose ly 
•з; 
reseiibles that of Figure 4А.ІВ. This demonstrates the lineshape independence 
of the method. However, for the valence band the subtracted Plasmon intensity 
is too high. At the site of both the first and second plasmon-loss line the 
intensity in Figure 4A.2B is too low. This effect was observed in two inde­
pendent measurements. Oxidation of the sample can be excluded as the cause· 
The bilk plasmon intensity is not very sensitive to oxidation and even a 
slightly oxidized sample should give an О (2s) line at the site of the arrow 
m Figure 4A.2B. Therefore, we believe that this is evidence of the fact that 
for valence band electrons the intrinsic plasmon intensity is less than for 
core electrons Using intensities calculated with β = 0.1 the spectrum given 
in Figure 4A.2C is obtained. This method of removing plasmon-loss intensity 
gives also better insight in the true shape of the valence band XPS spectrum. 
l i 
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In Figure 4A.3 we conpare the shaoe of the valence band as determined by us 
with tnat of Baer and Busch ° which has been used in many discussions. Espe­
cially at the high binding energy side there is considerable difference, which 
is due to the fact, that Baer and Busch have made no correction for surface-
or bulk plasmon-loss lines but simply subtracted a slanted baseline from the 
ъ—•=*-
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measured spectrum. 
4A.3.3 Auger spectrum 
In Figure 4A.4 we give the Auger lines in the region from 1300 to 1500 
eV. This covers all but one of the KLL and all KLV transitions. Table 4A.3 
Table 4Λ.3 Kinetic energies (in eV), corrected for the workfunotion, of the 
KLL and KLV Auger levels in Al metal. The values given in the 
second aolumn are the mean of at least three measurements. Errors 
are given in units of the last decimal. 
peak 
KL]M2,3 
KL21 3M1 
KL2,3M2 , 3 
this work Dufour et al 2 7 
experiment 
KL^jí 'S) 1302.0(2) 
KL1L2>3(1P) 1341.2(2) 
КЦЬг з( эР) 1356.8(2) 
К Ь . з Ч . э С
1 8 ) 1387.1(2) 
и-г.зЬг.зС'о) 1393.2(2) 
1436.0(5) 
1483.2(2) 
Dufour et al 2 7 
theory 
1302.0 
1341.4 
1357.2 
1387.2 
1393.2 
-
1304.0 
1342.3 
1358.5 
1386.6 
1393.5 
1398.1 
lists our values for the kinetic energies (corrected for the workfunction) 
together with theoretical and experimental data by Dufour et al. 2 7. For the 
KLL transitions there is good agreement. No literature data are available for 
the KLV transitions. 
In Figure 4A.4-II we have subtracted the plasmon-loss lines, again using 
the parameters of Table 4A.1. For the KLL transitions the deviations from a 
smooth line are of similar shape and magnitude as in Figure 4А.ІВ. We con­
clude therefore, that the intensities of the plasmon-loss peaks are the same 
for XPS core lines and KLL Auger lines. The same appears to be true for the 
KLV lines: there is much less need for adjustment of the parameter β in this 
case. However it should be pointed out, that the noise prevents an accurate 
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determindtion of the plasnon-loss intensities for these lines. 
Figure 4A.4-II reveals in a beautiful way the structure of the KLV Auger 
lines. A striking difference with the XPS valence band can be observed. The 
differences are similar to those observed in Mg ' and due to the fact that 
in the KLV Auger process emission occurs fron the valence band as modified by 
the presence of the K-hole. In extreme cases this can result m atomic-like 
Auger spectra 30 
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The Auger sportrum contains two nore features which merit attention 
a) The STiall peak marked Λ in Figure 4A.4-II has an energy of 1413.7 eV and 
is due to internal photoemission from the Al 2p level in the sample Al 
Κα X-rays of 1486.6 eV are generated through fluorescence decay of the 
holes in the K-shell. These X-rays, in turn, can lead to photoemission out 
of the 2s and 2p level. With a binding energy of 73.0 eV of the 2p elec­
trons this results in a peak at ~ 1413.7 eV. The corresponding 2s line is 
difficult to discern because of the plasmon-losses or what is left of 
those after their removal. 
b) The peak В has an energy of 1408.6 + 0.5 eV and is broader than peak A. 
The energy difference with tne KL? 3L2 3(D) Auger transition is 15.4 + 
0.5 eV. This suggests that В is due to a Dlasmon-gam peak. This interore-
tation is supported by the observation of a similar line in the Auger 
spectra of Mg with an energy distance of 10.3 eV which is the plasmon e-
nergy for Mg 3 1. The peak intensity of peak В is ~ 0.5% of the KL^ 3L? 3 
( D) Auger lino. Plasmon-gain neaks have been reoorted for the LVV Auger 
oeaks , but were later attributed to double ionization ' 6 . Double 
ionization can be excluded in our caso because of the energy of the satel­
lite and because low intensity X-rays were used as exciting radiation. 
According to Wafts and Almbladh plasmon-gain satellites are possible 
for Auger lines and connected with the intrinsic plasmon-losses occurring 
on the creation of the primary hole. According to Almbladh , the shorter 
lifetime of the K-hole makes the occurrence of plasmon-gain satellites 
more probable in KLL Auger spectra than in the LVV spectra studied up to 
low. Although the noise orcvents an accurate determination of the line-
shape of the plasmon-gain peak, the 1inewidth seems comparable to that of 
the plasraon-loss lines. 
4A 3 4 Electron Energy Loss spectra 
bbL suectra were measured to obtain an independent determination of the 
parameter α in Eq.(7) In the EEL snectra intrinsic processes play no role 
and hence the area intensity ratio of successive plasmon-loss lines should be 
equal to a. Spectra were measured for primary energies ranging fron 500 to 
IJOO eV. The intensity analysis o^ the EEL noectra is complicated by a back­
ground intensity die Lo inelastic scattering other than plasmon-losses. This 
background increases in intensity with decreasing onmary energy. 
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There is a striking difference in the shape of the plasmon-loss lines of 
the EEL and XPS spectra: The lines appear to be more symmetrical and for pri­
mary energies greater than 750 eV narrower in the EEL spectra. This is partly 
due to the difference in shape of the no-loss linp, but spectra calculated by 
convoluting the measured no-loss peak of the EEL spectrum with the lineshapes 
of the plasmon-loss lines derived from the XPS spectrum result in broader 
plasmon-loss lines than observed. We have, therefore, fitted the measured EEL 
spectra with symmetrical Lorentzians. The background was approximated by 
B(E) = b(l - a exp(-(E - E0)/c)), E 0 is the primary energy, b, a and с are 
parameters to be fitted. Within each pair of bulk and surface plasmon-loss 
lines, P
n
 and Ρ_ , the linewidth was kept equal: Γ
η
 = Γg
 n
_, (see section 
4A.3.1 for definition symbols). Also the ratio R = Ig n-\^n w a s taken the 
same for all n, except for η = 1 because of the large uncertainty in the 
background under the first pair. The area intensity A
n
 of the n-th bulk plas­
mon-loss line was assumed to be given by A
n
 = α An-i for η > 1. Furthermore, 
a small peak corresponding with excitation of two surface plasmons was in­
cluded in the fit. The peak intensity of this line (1^) was used as a para­
meter, while the linewidth was fixed at 2Γι. Thus, the following ad"justable 
parameters were used in the fit: Ij, Ig/Tj, R, I^/Tj, α, Γ
η
 (n = 1 to 5), Eg, 
Eg, and the baseline parameters a, b and c. 
Figure 4/'. 5 nlectron Energy Loss 
sveotra of Al me Lal. 
A_ Fit of experimental spectrum 
(points) with oymrnetrical Lo­
rentzians at a primony energy 
of 438 eV. The baseline is 
indicated with a solid line. 
The zero of the energy scale 
corresponds wi ',h the posi Lion 
of the maximum of the no-loss 
line. 
j? Same as A at a primary energy 
of 1500 eV. 
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Tabla 4A.4 Best parameter values for the plamon-losses 'in the ΕΓ,Ι spectra 
of Al metal as a function of the primary energy K0. Meaning of the 
symbols ic given in the taxi. Errors are estimates based on 
several fits and given in units of the lasi decimal. 
EB(eV) 
E
s
(eV) 
is/ii 
R 
Ч'
1! 
α 
rj(eV) 
Г2(е ) 
Гэ(е ) 
Гц(е ) 
rs(eV) 
a 
c(eV) 
Il/b 
Е
я
 =• 498 eV 
0 
15.7 (1) 
10.8 (1) 
0.99(5) 
0.53(5) 
0.19(3) 
0.62(2) 
2.6 (1) 
4.5 (1) 
6.9 (2) 
8.4 (3) 
10.4 (4) 
1.27(3) 
11.0 (3) 
9.4 (1) 
E - 751 eV 
о 
15.6 (1) 
10.6 (1) 
0.75(5) 
0.40(5) 
0.11(3) 
0.61(2) 
2.1 (1) 
3.6 (1) 
5.5 (2) 
7.7 (3) 
11.2 (4) 
1.21(3) 
lo.i (3) 
10.6 (i) 
E = 1000 eV 
о 
15.6 (1) 
10.6 (1) 
0.60(5) 
0.36(5) 
0.08(3) 
0.63(2) 
2.0 (1) 
3.4 (1) 
5.1 (2) 
6.7 (3) 
8.0 (4) 
1.30(3) 
9.6 (3) 
13.0 (1) 
E - 1252 eV 
0 
15.5 (I) 
10.6 (1) 
0.55(5) 
0.30(5) 
0.06(3) 
0.63(2) 
1.9 (1) 
3.2 (1) 
4.5 (2) 
6.0 (3) 
8.0 (4) 
1.40(3) 
10.2 (3) 
13.1 (1) 
E - 1500 
0 
15.5 (I) 
10.6 (1) 
0.47(5) 
0.28(5) 
0.04(3) 
0.61(2) 
1.7 (1) 
2.9 (1) 
4.2 (2) 
5.2 (3) 
7.0 (4) 
1.35(3) 
11.4 (3) 
13.2 (1) 
Figs. 4Л.5А and 4A.r>B give the best fit for primary energies of 498 and 
1500 eV and Table 4A.4 lists the parameter values obtained. 
The following points should be noted: 
a) The value of α is constant for primary energies ranging from 500 to 1500 
eV and has the value 0.62 + 0.02. This value of α is in excellent agree­
ment with the value of α determined from the XPS spectra. 
b) The linewidth of the n-th plasmon-loss line is given by Γ
η
 = ni' + Γ , where 
Γ 0 = 0.5 eV is the linewidth of the no loss line. Г changes from 2.1 eV 
at 498 eV to 1.2 eV at 1500 eV. 
c) The linewidth of corresponding plasmon-loss lines increases with decreasing 
primary energy. 
d) The shape of the baseline is the same over the whole range (a and с are 
constant), but Lhe intensity of the baseline relative to the intensity of 
the first plasmon-loss lino (b/lj) increases with decreasing primary energy. 
e) The surface plasmon-loss intensity is much higher than in the ΧΡΞ spectrum 
This is due to the short penetration depth of the primary electrons and to 
the fact that the detected electrons have crossed the surface twice. 
4A 4 Discussion 
This is not the first attempt to determine the intensities of plasmon-
loss peaks in XPS spectra and before discussing our results we comment brief­
ly on some of the recent papers on this subject. The first attempt to deter­
mine the plasmon-loss intensities was made by Pardee et al. . These authors 
neglected the asymmetry of the plasmon-loss linos and fitted with Gaussians. 
Moreover, the fact that the plasmon-loss lines are a convolution of the no-
loss line with the Plasmon energy distribution function was not taken into 
account. The same approach was used by Williams et al. in a study of the 
angular dependence of the plasmon intensities. A rough analysis was made by 
Fuggle et al. . More recently Steiner et al. have published results on Be, 
Na, Mg and Al. For Al these authors find α = 0.67 and В = 0.10. However, no 
details of the fitting procedure are given. According to the same authors the 
same parameters as used for the core lines give good results for the valence 
band spectra of Be, Na and Mg1*0. However, these good fits are obtained in­
cluding a background correction, which assumes a background proportional to 
the integrated intensity. As pointed out recently by Citrin et al. there 
is no experimental basis for this correction. 
In all these cases Αϊ Κα radiation was used. However, the plasmon-loss 
intensities are not expected to depend much on the kinetic energy of the 
photoelectrons. A comparison between spectra obtained by us with Mg Κα and 
Al Κα radiation did not reveal marked differences. 
In a series of papers Penn has used a fundamental approach, calculating 
intensities and lineshapes from theory . The bulk plasmon lineshape, 
ΡίΕ,Ε'), was derived from the Lindhard dielectric function e(q,u)). 
P(E,E·) = Z & l J 34
 I m \—L·— ] (9) 
with 
та0Е q ε^,Ε-Ε') 
1 W Ш I 
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 E
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 do) 
ε ί 4
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ω is the plasmon frequency for wavevector q = 0, τ is a measure for the 
lifetime broadening, which is related to the linewidth of the plasmons. 
Gibbons et al. determined experimentally the linewidth of the plasmons in 
Al as a function of the wavevector: 
r((üq) = 0.9 + 3.25 q2 (И) 
where Г(ω ) is expressed in eV and q in A l , The relation between the plasmon 
energy ϊΐω and q is given by'' * 
hid = hio + 3.01 q 2 
q Ρ 
(12) 
We have calculated numerically the lineshape resulting from Eq.(9). The re­
sult is shown in Figure 4A.6. In two consecutive papers Penn was able to ob-
igure ΊΛ.β The plasmon energy dis­
tribution function calo ila ted 
with the model of Penn [F,q.(9i] 
( ) , the model of Hedin 
[Eq.(l¿)] ( h Tn both 
raises hu-p - J5.0 e7. Alao 
gioen is the asynrnelric Lo-
^en^zian (····) fitted to the 
curve of Hedin. This line has 
VL - 1.83 eV and YR - 0.76 eV. 
tain good fits to experimental data with13 and without12 inclusion of mtrin-
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sic processes. In a recent paper the Plasmon-losses of the valence band were 
analysed14. However, using the lineshape of bigure 4A.6 we were not able to 
reproduce the measured spectrum very well. This is illustrated in Figure 4A. 
7A. To obtain the calculated spectrum self-convolutions of the lineshape from 
Ü N \r L\L-Gy »V 
"ig^re ¿A.7 по'іупопггг,ор between exverlmenlcil RVC'LT"' aid theoretical modelo 
of Pesti (A) and Iledin (B). ^If drawn lines are con 'oh'tiono of 
Fij ire "Λ.ΊΓ with the theovcll^it lir •'.•h «.vr s given -'n hiqvve 
4A.P and self-convolutioms ihereof. The peak intensi^u ratio 
Ιγ/Il ¿ar laken eaual to the value repelling fyo'n ¡able f f Л 
and I\ was scaled to aive reanonabie fit to the finsi nlasmoû-
Іовв line. Only bulk ріачтол-ісгс contrib 'lions were taken ir'fo 
aco^ni. 
Eq.(9) were calculated numerically and convoluted with the spectrum of Fi­
gure 4А.ІС. Obviously the mam cause for the discrepancy is a too low inten­
sity in the wings of the lineshaoe of Eq.(9), but two other points are note­
worthy: the lineshape of the second and higher plasmon-loss peaks is more 
61 
symmetric than measured and the maxima of the plasmon-loss peaks are shifted 
to the left. 
Hedin has given a different expression for the plasmon energy distri­
bution function: 
ο ω
20(ω - ω ) 
, e' m !. ρ Ρ_ ,,,. 
д(ы) -= — (-Ρ -^ (13) 
2 3/ \Ц 
ω (ω - ω ) * 
Ρ 
To include lifetime effects this function was convoluted with a Lorentzian 
with linewidth depending on ω as given by Eqs.(11) and (12). The result of 
a numerical calculation of Hedin's function is also given in Figure 4A.6. The 
main difference with Penn's function is the larger intensity in the wings, 
which is the result of the more realistic Lorentzian lifetime broadening as 
compared to Eq.(9). Also shown in Figure 4Λ.6 is an asymmetric Lorentzian 
lineshape as used in our analysis, which gives the best fit to Hedin's func­
tion. It is clear that the asymmetric Lorentzian is a good approximation of 
Hedin's function. In the same way as described above the plasmon-loss spec­
trum was calculated with Hedin's function. Figure ΊΑ.7Β shows the result; 
there is better agreement with the measured soectrum than with Penn's ap­
proach. However, again the lineshape of the second and higher plasmon-loss 
peaks is too symmetric and the maxima are shifted to the left as compared with 
the experimental data. As can be seen in Figure 4A.1D such a shift is indeed 
observed but becomes appreciable only in the fifth and higher plasmon-loss 
lines (Remember that the fitted spectrum of Figure ΊΑ.ID was constrained to 
have equidistant plasmon-loss lines). 
It is important to note, that the plasmon energy distributions D
n
(E), 
which we have used to fit the second and higher plasmon-loss lines, are not 
self-convolutions of the energy distribution of the first plasmon-loss line 
Dj(F), as expected from theory when soatial redistribution on scattering is 
neglected. This is assumed to be valid for the XPS and Auger spectra because 
the initial direction of the unscattered electron is undetermined and for the 
EEL spectra because they are obtained on polycrystalline materials. Similarly 
unexplained is the observation that the plasmon-loss lineshape is different 
for EEL and XPS spectra. 
The XPS and EEL measurements give two independent determinations of a, 
whicn are m excellent agreement with each other. The fact that a is constant 
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for the energy range 500-1500 eV is in agreement with results by Flodstrom 
et al. who measured the bulk plasmon intensities for kinetic energies 
between 30 and 330 eV. The plasmon intensity appears to be constant above 
200 eV. The same authors give a theoretical estimate of α = (1 + £/L) which 
for energies larger than 200 eV results in α = 0.64 again in excellent agree­
ment with our results. 
The value of β obtained is m fact an effective number. Äs shown by 
Langreth1*2 and Gadzuk1*3 the intrinsic plasmon satellites are weakened by the 
presence of interference effects between intrinsic and extrinsic plasmon ex-
citations. However, as shown by these authors, Eq.(7) can still be used. The 
relatively large intrinsic contribution for core electrons found in our ana-
lysis is supported by the observation of a plasmon-gam satellite of the 
KL2 3L2 3 С D) transition. The smaller intrinsic plasmon excitation in the 
case of the valence band is not unexpected for delocalized electrons. Penn 
has discussed mechanisms which can lead to intrinsic plasmon-losses of the 
valence electrons, but in the light of our results his calculation overesti­
mates the importance of these effects. It is surprising that for Auger lines 
and XPS core lines essentially the same intensities are found for the plas­
mon- loss lines. The fact, that there seems to be no need for reduction of the 
intrinsic contribution in case of the KLV Auger lines, may be understood by 
the polarization of the valence electrons by the K-hole. 
4A S Conclusions 
The results of this investigation can be summarized as follows 
(I) Using asymmetric Lorent?ians to describe the Imeshape of the plasmon-
losses good fits to the experimental XPS core level spectra could be 
obtained. From the area intensities of the plasmon-loss lines we derive 
for the extrinsic (a) and intrinsic (3) contribution to the plasmon 
excitations α = 0.62 and В = 0.21. This means, that the intrinsic plas­
mon excitation contributes at least 2 5% to the total of the plasmon 
excitations. 
(II) The theoretical lineshape of Penn can only reproduce the main features 
of the measured spectra, Hedin's function gives better agreement. The 
experimental Imeshape of the second and higher plasmon-loss lines can­
not be described with self-convolutions of the lineshape of the first 
plasmon-loss line. 
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(ili) The same parameters as in case of the core levels describe the plasmon-
losses of the KLL and KLV Auger lines. 
(iv) The intrinsic plasmon excitation in case of photoemission from the 
valence band is markedly less: β = 0.10. 
(ν) In the Auger spectrum a plasmon-gain peak of the KL? ^Ь2(з(
10) line is 
observed, again indicating a large contribution of the intrinsic plas­
mon excitation. 
(vi) The width of the plasmon-loss lines in EEL spectra decreases with in­
creasing energy of the primary electrons. At 1200 eV the width of EEL 
plasmon-loss lines is considerably smaller than in the XPS spectra, α 
is constant for the energy range 500-1500 eV and equal to α = 0.62 ± 
0.02. 
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CHAPTER 4B 
BULK AND SURFACE PLASMON-LOSS INTENSITIES IN PHOTOELECTRON, AUGER 
AND ELECTRON ENERGY LOSS SPECTRA OF Mg METAL* 
P.M.Th.M. van Attekum and J.M. Trooster 
Abstract - The intensities of plasmon-loss satellites in X-ray 
photoelectvon (XPS) and electron energy loss (EEL) spectra of 
Mg metal have been determined. The method used, has been des­
cribed earlier in a similar study of aluminum^. Intrinsic 
processes contribute %?,% of the total plasman intensity in 
case of XPS core lines. The probability for extrinsic plas­
man excitations is α - 0.07, in good agreement with the value 
a - 0.63 derived from the EEL spectra with primary electron 
energies ranging from 300 to 1500 eV. For KLL and KLV Auger 
lines we find the same contributions of intrinsic and extrin­
sic processes to the plasman intensities as for the XPS core 
lines. The lineshapes of plasmon-loss lines are different in 
XPS and EEL spectra, and cannot be described as self-convo­
lutions of the plasman energy distribution function. 
4B.1 Introduction 
Following our investigation of plasmon-losses in X-ray photoeloctron 
(XPS), Auger, and Electron Energy Loss (EEL) spectra of aluminum1, we report 
here on a similar study of magnesium metal. 
The method used to determine the intensities of the plasmon-loss lines 
has been extensively described in ref. 1. Here we reiterate the mosL important 
features. 
a) The n-th bulk plasmon-loss line, Ρ , is calculated as a convolution of the 
measured no-loss line, P 0(E), with a plasmon-loss energy distribution func­
tion D
n
(E): 
Ρ (Ε) = Ρ (E) * D (E) (1) 
n o n 
'Submitted to: Phys. Pev. 3 
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b) The plasmon-loss energy distribution function D
n
(E) is given by an asym­
metric Lorentzian: 
where E
n
 = пЕв, with E B is the bulk plasmon energy, and Γη(Ε) = ηΓ
κ
 for 
E < E
n
 and Γ
η
(Ε) = nr L for E > b
n
. 
c) Similar expressions are used for the surface plasmon-loss line and for 
lines due to loss of one surface plasmon-loss and one or more bulk plasmon-
losses. Altogether this results in the following parameters: E B, E s, r
R
, 
r L
'
 r S ' r S ' I n a n d IS· 
The experiments were carried out on a Leybold-Heraeus LHS-10 spectrome­
ter. XPS spectra were measured with Mg Κα radiation. Auger spectra with ΑΙ Κα 
radiation. The EEL spectra were measured with primary electron energies 
ranging from 300 to 1500 eV. The energy width of the primary electrons was 
0.5 eV. 
4B 2 Analysis and results 
4B 2 1 XPS core lines and valence band 
Fig. 4B.1A presents a typical photoelectron spectrum, excited with Mg Κα 
radiation, used in the analysis. To obtain a high countrate the electron ener­
gy analyser was set for a pass energy of 150 eV, resulting in an instrumental 
resolution of 1.0 eV. The KLL and KLV Auger lines, which are present in the 
experimentally measured spectrum because of the Bremsstrahlung background 
from the X-ray source, were subtracted using the Auger soectrum measured 
with ΑΙ Κα radiation given in Fig. 4B.2-I. Lines due to X-ray satellites were 
removed with a procedure described elsewhere . The binding energy of the 2s 
and 2p electrons is Θ8.6 1 0.1 eV and 49.6 ± 0.1 eV respectively in good 
agreement with results of other authors3'1*. 
Starting from the right in the spectrum the plasmon-loss intensity is 
calculated for each datapoint and subtracted from the measured intensity (see 
ref. 1 for a detailed description of this method). If the method was perfect 
the result should be the two no-loss core lines, each with Doniach-Sunjic 
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SOX 
150 IOC so 
BINDING ENERGY (t-V) 
Fijivp ¿ЯЛ A_ Photopmicsion srv'tr^m of the ?s avd ?n core Lopin a/>d 
vaLpfcc hand of 4j metaL after reno Jol of the Auger ^ i nets 
and X--"a> oatpT'-'^er. IKe solid live is +he calculât cd 
np<ctr-<n (see tp£+). 
Б_ Л,"te-r 'he relouai of the piагпоп-Тoao linps joing the 
*·'rramjι / rs of "Ίί te iB.1. 
l ineshape as discussed by C i t r i n e t a l . 5 , modifaod by the ins t rumenta l reso­
l u t i o n . however, as in the case of Al 1 , i t was necessary to allow for a con-
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parameter value 
r
L 
S 
r
R 
S 
II 
І2 
І3 
ІЦ 
І5 
І6 
I7 
Io 
10.63(5) 
7.23(5) 
1.07(5) 
0.65(5) 
1.25(5) 
0.70(5) 
31.3 (5) 
11.5 (3) 
4.5 (2) 
2.2 (2) 
1.3 (2) 
0.6 (1) 
0.3 (1) 
5.8 (2) 
eV 
eV 
eV 
eV 
eV 
eV 
%eV" 
%eV-
%eV" 
%eV~ 
%eV-
%eV" 
%eV" 
%eV* 
Table 4B.1 Best varancter oaluee for the 
plaemon-losses in Mg metal. The 
veak intensity (I
n
 , Io) is given 
in percentage units of the no-loss 
peak per iE, where ΔΛ is the ener­
gy increment per channel. Errors 
are given in units of the last de­
cimal. 
stant background to the loft of the core Imps. Д least-squares fitting me­
thod was used to determine the parameters given above, using seven bulk 
plasmon-loss lines for each XPS line. The parameter values are listed in 
Table 4B.1. The values of E B and Eg are in good agreement with results of 
Ley et al. and 0.1 - 0.2 eV lower than found by Fugglc et al. 4' 7 and Tejada 
et al. 8. The ratio E B/E S = 1.47 is close to the theoretical value 1.41. The 
optimum result after removal of the plasmon-loss lines is shown in Fig. 4В.ІП. 
A reasonable fit rould be obtained only up to the third plasmon-loss line. 
This is most clearly apparent in Fig. 413.1A, where the spectrum is calculated 
as a convolution of D
n
(E) with the no-loss spectrum obtained from Fig. 4В.ІВ 
by smoothing. For higher order plasmon-losses the constraints used in the 
fit result in too large linewidths. The measured linewidths of the higher 
order plasmon-losses are also much smaller than one would expert if the Imc-
shapes were given by self-convolutions of the first plasmon-loss energy dis­
tribution function. The sa-ne result was obtained for plasmon-losses in aluni-
num, but is more pronounced in the present case. An attempt to fit the spec­
trum with independent linewidths did not result in an appreciable improvement. 
In our method the area intensities A
n
 of the successive plasmon-loss 
lines are directly obtained as fraction of the area intensity of the no-loss 
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line, without actually determining the lineshano and intensity of this no-
loss line. The probability for extrinsic and intruibic plasmon excitation can 
be derived using the expression9'10: 
A = a n
 n
T «¿φι о, 
η m; 
m=o 
where the probability for extrinsic plasmon excitation α = (1 + Й/L) , К is 
the mean free path for extrinsic Plasmon excitation, L is the mean attenua­
tion length for electrons due to processes other than plasmon excitation. The 
parameter β is a measure of the probability of intrinsic excitation of Plas­
mons modified by interference effects between intrinsic and extrinsic plasmon 
excitations. From the first three experimental area intensities Aj, Λ2, A31 
we find α = 0.67 ± 0.05 and β = 0.19 ± 0.05. In Table 4B.2 the measured and 
Table 4B.? Experimental area inLensit-ies of the hulk and surface plasmon-
lossei compared with calculated values from Eq.f.V. Experimental 
values in brackets are less reliable, '¡he area intensity is 
listed in percentage units of the no-loss line and given by 
An = j ("^ + ΐΡ
η
)Ι
η
 (see Table 4B.1). The errors are est ¿mat* 8 
ba<;cd on several fits. 
parameter 
Al 
Aj 
A3 
Ац 
Аз 
Ae 
A7 
A
s 
experiment 
% 
84 ± 3 
62 + 3 
37 ± 3 
(24) 
(17) 
(10) 
(6) 
18 + 3 
theory % 
α = 0.67 ,8-0.19 
86 
60 
40 
27 
18 
12 
8 
-
calculated values of A
n
 are given. Note that with these values the total in­
tensity for bulk plasmon excitation is about two times the intensity in the 
no-loss line and that thp contribution of inLnnsic processes is about ?2* of 
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the total plasmon intensity. 
The valence band spectrum is of similar shape аь found by Ley et al. 
and Höchst et al. . The small increase m intensity at 24 eV binding energy 
is possibly due to a small oxygen impurity, 0(2s). This precludes any deter-
mination of β for the valence band. In the case of Al we found β to be smaller 
for the valence band. 
4B 2 2 Auger spectrum 
In Fig. 4B.2 the KLL and KLV Auger spectrum of Mg metal js shown. Table 
4B.3 lists the values for the kinetic energies corrected for the workfunction, 
together with experimental data of Fuggle et al. and Ley et al. and with 
theoretical results of Hoogewi]b et al. . There is good agreement with the­
oretical values. 
Table 4D..Í Kinetic enerqirs (in el), corrected for the июгкfunction, of the 
KLL and KLV Лидег liner, in Mg metal. Errors are giJen in unite 
о Г the last decimal. 
peak 
KI^Lï^S) 
КІІЧ.ЗСР) 
KL,L ? >3(
3P) 
KL 2 >3L 2 )3(1 
к^.зЧ.зС 
K L 2 > 3 L ? ( 3 (
3 
KLjH, 
K L J M J ^ 
И-2,эМі 
И-2,зЧ?,3 
S) 
D) 
Ρ) 
this work 
1106.4(2) 
1140.2(2) 
1154.2(2) 
1180.5(2) 
1185.9(2) 
-
1209.5(3) 
1212.6(3) 
1251.9(2) 
Fuggle et al 7 
experiment 
1106.2(2) 
1140.1(1) 
1154.1(3) 
1180.5(1) 
1185.5(1) 
-
1208.8(5) 
1212.8(5) 
1251.7(4) 
Ley et al 3 
experiment 
1106.0(3) 
1139.8(2) 
1154.3(6) 
1179.8(2) 
1185.3(2) 
-
-
-
-
Hoogewijs12 
tlieor> 
1109.3 
1141.3 
1155.8 
1180.4 
1IB6.4 
1190.4 
-
-
-
In big. 4B.2-TI we show the same spectrum after subtraction of the plas-
mon-loss lines using Lhe parameters in Table 4B.1. Both for the KLL and KLV 
transitions the deviations from a smooth line are of similar magnitude and 
shape as for the ?s and ?p XPS cor=· lines (Fig. 4B.1B). This implies, that 
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C / H i N 
- ^ 
'о I 
«ЧУ 
'S 
' ^ Л ^ 
, \Л 
. ι 
Г ^ ¡150 ÎÎÔ 1250 
K1NFTIC ENtHOV l « v l 
Гід с '^j.S X-rau exaiied (fi <o.) KLZ and КІЛ' Aujer süeeLrjn of Hq melil·. 
iìe Kivetic' eiipvjj ч'а/с г;; covreeLpd f о f the woj'kfvr^tion. 
(Ι) Λε mean ¿red. (Il) Af Ley rpr»oOaL of the г>1 aamon-Ί osa line ν 
vaina the Oar'<vnozers of Table Ib.l. А га the internal phoio-
епгь.и'оп 'ij Pp line, В a vl'isnon-gaia veaP of the λ',2 ^1'?, з (^'J) 
Au IT line, С a a"ia17 rarhon irvi/viiu. 
the intrinsic plasnon intensity is the same for the Auger and XPS ]ines. Л 
similar conclusion was obtained for Al . 
'Ihe small peaks labelled А, В and С are due to internal photoemission 
from the 2D core level [A ] , a plasmon-gain satellite of the KL2 sLp ^t'o) 
Auger transition Г В ] and a small carbon imourity [C ] , and have been dis­
cussed elsewhere . Tac occurrence of the оіаыпоп-даіп satellite confirns 
the importance of intrinsic ріаьтюп excitations. 
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Figure 4B.л üLeatron 
Energy Loss 
spectra of Mg 
metal (Ooints) 
fitted with 
nyrrmetrical Lo-
reiitaians at 
different va-
lves of the 
primary energy 
(K0). The base-
line is indi-
cated with a 
solid line. 
Л К 
з т;
с 
с /ν 
о 
hr>05 eV 
WOB cV 
49? eV 
.<.•"' eV 
4В 2 3 Electron Energy Loss spectra 
In EEL spectra intrinsic processes cannot occur and hence the area ratio 
of Successive plasmon-loss lines should be equal to a, the probability for 
extrinsic plasmen excitation (see Eq.(3)). The primary energy E was varied 
from 300 to 1500 eV and the dependence of α on the primary energy was exa­
mined. Fig. 413.3 gives the FEL spectra of Mg metal at primary energies of 336, 
499, 1008 and 1505 eV. Note the increase in surface plasmon intensity going 
to lower primary energies and the presence of a peak due to the excitation of 
two surface plasmons. This peak occurs as the scattered electron crosses the 
surface twice. The intensity analysis is hampered by a background, which in­
creases with increasing energy loss. As in the case of Al metal the plasmon-
loss lines could be described with symmetrical Lorentrians. The background 
was approximated by B(E) = b(l - a exp(-(E - E0)/c)). In fitting the spectra, 
the same constraints were used as in ref. 1. The most important features are: 
Within each pair of bulk and surface plasmon-loss lines, the linewidth was 
kept equal. Similarly, the intensity ratio within each pair was kept constant 
except for the first pair. The area intensity ratio of successive bulk plasmon-
loss lines was set equal to a. The fits are shown m Fig. 4B.3 and the para­
meters are tabulated in Table 4B.4 
The following points should be noted: 
a) The value of α is constant in the primary energy range studied and has the 
value 0.63 ± 0.04, in good agreement with the value determined for the XPS 
core lines. 
b) After subtraction of the linewidth of the no-loss line (0.5 eV) the line-
width of the first plasmon-loss line is markedly smaller than in the XPS 
spectra. 
c) The linewidths increase with decreasing primary energy and with increasing 
order of the loss line. 
d) The assumed shape of the baseline appears to be a good approximation. The 
ratio of the baseline intensity to the intensity of the first plasmon-loss 
lire increases with decreasing primary energy. 
e) The fact that the ratio of surface to bulk plasmon intensity in the first 
pair is different from that in the second and higher order pairs indicates, 
that an appreciable fraction of the electrons scatters from the surface 
without entering the (bulk) metal and has therefore none or little probabi­
lity for exciting bulk plasmons as well. This fraction obviously increases 
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with decreasing primary energy. 
Fable •Γ3.Ί Best raeanetev чаічвз for the pLoemon-lonues in the "EL sveotra 
of '"j metal aj function of the primary evergy E0· Ej and L'g are 
the hulk and mefacú plasman ever-jv, ΐ\, ΐς and Г^ are the peak 
heinhlo of the first I'Ik plasmon-losc, and the first and second 
surfaae vlasmon-loos, r^sOcativeLy. Η is the ratio between the 
bulk/surface and bulk peak-height in the second and higher order 
naivs, and α is the ratio between swiccssive area intensities. 
Γ is the linewidth and a, b and a are the baseline parameters. 
Errors are estimates based on several fits and given in units 
of the last decimal. 
EB(.V) 
E
s
(eV) 
V1! 
R 
4<\ 
a 
Гі(е ) 
ГгСе ) 
Гз(е ) 
Гц(е ) 
FsíeV) 
а 
с ( е ) 
I i / b 
E = 336 е 
о 
10.8 (1) 
7.3 (1) 
1.47(5) 
0.70(5) 
0.36(5) 
0.65(2) 
2.0 (1) 
3.8 (1) 
6.9 (2) 
-
-
і . і і ( З ) 
10.9 (2) 
5.0 (1) 
E = 499 eV 
0 
10.7 (1) 
7.3 (1) 
1.17(5) 
0.62(5) 
0.26(5) 
0.63(2) 
1.7 (1) 
3.1 (1) 
5.5 (2) 
10.9 (3) 
15.0 (5) 
1.03(3) 
8.9 (2) 
7.3 (1) 
E = 1008 eV 
о 
10.7 (1) 
7.3 (1) 
0.74(5) 
0.49(5) 
0.18(5) 
0.61(2) 
1.6 (1) 
2.5 ( ^ 
3.7 (2) 
5.4 (3) 
14.6 (3) 
1.28(3) 
14.4 (2) 
10.4 (1) 
E = 1 5 0 5 eV 
0 
10.7 (1) 
7.2 (1) 
0.60(5) 
0.40(5) 
0.05(5) 
0.62(2) 
1.8 (1) 
2.6 (1) 
3.7 (2) 
5.0 (3) 
6.0 (3) 
1.30(3) 
12.3 (2) 
12.0 (1) 
4B.3 Conclusions 
The results of this investigation are similar to those found on Л1 1 and 
are detailed below. 
a) Intrinsic plasmon excitations are inroortant and contribute for XPS core 
lines about 22 i to the total of the plasmon excitations. A similar result 
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was found by Steiner et al. , who gave, however, no details of the fit­
ting procedure. 
b) For the KLL and KLV Auger lines the sane parameter values as for the core 
lines are obtained. The occurrence of a plasmon-gam satellite of the 
KL2 3L2 3(D) Auger line confirms the importance of intrinsic processes. 
c) Electron energy loss spectra for primary energies ranging from 300 to 
1500 eV are analysed with symmetrical Lorentzians. From this a value of 
α = 0.63 is found, m good agreement with the value determined for the 
XPS core lines. 
d) The lineshape of ріаыпоп-loss lines depends on the energy of the primary 
electrons in EEL spectra and at the same primary energy is different for 
XPS and EEL spectra. Also, successive plasmon-loss lines cannot be des­
cribed as self-convolutions of the plasmon-loss energy distribution 
function. 
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CHAPTER 4C 
A PLASMON GAIN SATELLITE IN THE KLL AUGER SPECTRUM OF Mg AND 
Al METAL* 
P.M.Tli.M. van Attekum and J.M. Trooster 
Abstract - We report the observation of a plasmon-gcdn 
satellite of the KL2 3^ 2 a^W Auger line in Mg and Al 
metal. For both metals the integrated intensity of this 
satellite is ~ 1.27a of the parent line; this is in good 
agreement with an estimate based on a theory presented 
by Almbladh and supports the importanae of intrinsic 
plasman-losses as derived from intensity measurements 
of the plasmon-loss tines. 
In X-ray photoelectron spectroscopy plasmons can be excited both by ex-
trinsic (during the transport of the emitted electron through the solid) and 
intrinsic processes (on the creation of a hole in a core level). The impor-
tance of intrinsic processes is well established now (Penn 1977, van Ättekum 
and Trooster 1978) , but little attention has been given to a phenomenon re-
lated to the intrinsic plasmon excitation, which is the possibility of the 
occurrence of a plasmon-gain satellite in Auger spectra. Plasmon-gain satel-
lites in L?, 3 W Auger spectra have been reported for a number of elements by 
Suleman and Pattinson (1971), Chung and Jenkins. (1971), Dufour et al (1972) 
and Jenkins and Chung (1972). In most cases, however, the energy difference 
between satellite and parent line deviated considerably from the plasmon ener-
gy. Watts (1972) and Almbladh (1974) showed that the observed intensity was 
much too high for plasmon-gain satellites and the satellites were shown to be 
due to double ionisation in the L shell by Lôfgren et al (1973) and Rowe et 
al (1973). Fuggle et al (1975) observed a plasmon-gain satellite in the KLL 
Auger spectrum of Mg. However, interference with plasmon-loss satellites of 
the KLV Auger lines makes the assignment less clear. 
The intensity of a plasmon-gain satellite is determined by the ratio of 
the relaxation Lime of the disturbance in the free electron density to the 
lifetime of the core hole and Almbladh (1974) has pointed out that due to the 
"'Published in: J. Phys. F: Metal Phys., 8 (ТЭ78) Т,1в9-Ы7'6. 
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shorter lifetime of К holes, KT,L Auger transitions are better candidates for 
the observation of plasmon-gam satellites than L2 3 W transitions. According 
to tnis author the intensity of the ріачтоп-gain satellite is to a good aporo-
ximation given by: 
s =—L_i gJ> (1) 
Ρ 
where I is the lifetime of the core hole, ω the plasmon energy and a is given 
by the disoersion relation 
ω(σ) = ω + τια2 (2) 
Ρ 
where ü)(q) is the plasmon frequency at wave vector q. The linewidth of К holes 
was recently accurately determined by Citrin et al (1977) who found 0.35 and 
0.47 oV for Mg and Al, respectively. With a bulk plasmon energy of 10.6 and 
І^ .З eV and α = 0.46 (Aiyama and Yada 1974) this results m an integrated in­
tensity oí ?ΐ for tne plasmon-gain peaks of the KLL transitions. 
As part of a st idy of plasnon-losses in Al and Mg (van Attekam and 
Trooster 1978) we have measured the KLL and KLV Auger spectra of these metals. 
The spectra as ncasured are shown in the uoper half of Figures 1С.1 and AC.2. 
The Al Auger spectrum was measured using an X-ray tube with a magnesium anode 
as primary radiation source. The Mg Kaj 2 X-rays have too low an energy for 
ionising the Is shell of Al, but the Bremsstrahlung background nad sufficient 
intensity to result in reasonably intense KLL Auger lines. This source has 
the advantage, Lhat no photoemission lines are present above 1253 eV. tor the 
Mg Auger spectrum an X-ray tube equipped with an aluminum anode was used. Con­
sequently XPS lines can be oresent up to I486 eV and interfere with the Auger 
spectrum. 
To reveal the snail peaks labelled А, В and С nore clearly and to make 
an unambiguous assignment possible we have removed fron the spectrum the in­
tensity due to plasmon-losses, see the lower half of Figures 4C.1 and 4C.2. 
The plasmon intensities were calculated as a convolution of the tarent line 
with an asymétrie Torentzian. Intensities and widths were determined by a 
least-squares fitting of the X-ray photoelertron spectra. An extensive treat-
ment of the oroceaure used, is given elsewrere (van Attekum a-d T'-oosLer 197S) 
and here we concentrate on the result. The Auger lines are identified in Fi-
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measured. Plasmon-losses are indicated for each Auger line. 
(TI) after removal of the vlasmon-loss satellites. The plasnon-
gain satellite of the KL2j3rj2ii(1D) Ачдег line is the peak 
labelled B. l,ine A is due to internal photoemission and С is 
the photoelectron peak of the С Is level of a carbon impurity 
on the surface of the Ma. 
gures 4C.l and 4C.2 and the energies (corrected for the workfunction) are 
given in Table 4C.1. There is good agreement with previous experimental and 
theoretical results of Ley et al (1975) and Dufour et al (1976). 
The features labelled А, В and C, which aro also present in the un­
treated spectra cannot be identified as Auger transitions. A is due to in­
ternal photoemission from the metal 2p core level, η is the plasmon-gain sa-
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7i.tj^ye 4C.2 X-ray exidted KLL and K17 /îv/er spectrum of Al rela'l. The ki-
neti". energy acate is aciweeted for the workfunclion (I) as 
measyred. Plasmon-tossas are indicated for each Auger Line. 
(IL) after renoval of the Olasnon-loos satellites. Ihc plasion-
gain saielliie of the KLQ 3I2 s^^J Auger line is Ike peak la-
belled B. Line A is due to internal Ohotoemission. 
tellite and C, in the spectrum of Mg, is due to a small carbon impurity. 
(i) Fluorescence decay of the hole in the К shell leads in the sample to the 
generation of X-rays (1253.64 eV for Mg and 1486.65 eV for Al), which in 
turn can result in photoemission from the 2s and 2p level. The energies 
of peaks Л (see Table 4C.1) correspond with binding energies of 49.7(5) 
and 72.9(5) eV in Mg and Al respectively, very close to the values of 
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Table 4C.1 Kinetic energies (in eV) corrected fov the workfvnction of the 
KLl and KLV Auger lines in Mg and Al rnotal. Errors are given in 
units of the last decimal. The meaning of А, В and С is given in 
1he text. 
peak 
K L I M O S ) 
к Ч Ч . з С
1 ? ) 
K L ^ Ü ^ Í 3 ? ) 
K-^.Ì^.ÌOS) 
KLa.aLz.sC'D) 
и-г.з
1 1! 
^г, э
м 2 , з 
Mg 
1106.5(2) 
1140.2(2) 
1154.3(2) 
1180.6(2) 
1185.9(2) 
1209.6(3) 
1212.8(3) 
1252.0(2) 
Al 
1302.0(2) 
1341.2(2) 
1356.8(2) 
1387.1(2) 
1393.2(2) 
1436.0(5) 
1483.2(2) 
A 1203.9(5) 1413.7(5) 
В 1196.2(5) 1408.6(5) 
С 1200.6(5) 
49.6 and 73.0 cV (van Attokum and Trooster 197Θ) for the binding energy 
of the 2p core levels in Mg and Л1 respectively. The corresponding 2s 
lines cannot be observed due to the plasmon-loss lines or what is left 
of those after their removal. 
(n) The energy difference between peaks В and the KL? 3L2 з^о) Auger line 
is 10.3(5) and 15.4(5) eV for Mg and Al, respectively. This is within 
experimental accuracy equal to the bulk plasmon energy of 10.6 eV for Mg 
and 15.3 eV for Al (van Attekum and Trooster 1978) and leaves little 
doubt for the assignment of peak В as a plasmon-gam satellite of the 
KL2,3L2,3( D ) Auger line. The peak intensity of В is ~ 0.5 4 of that of 
the KL2( зЬ? (з (^) Auger line, which is lower than the calculated inten­
sity given above, but of the right order of magnitude. If we assume the 
linowidth of В to be equal to that of the first plasmon-loss satellite, 
the integrated intensity is ~ 1.2%, in good agreement with the calcula­
ted value. 
(111) Peak С in the Auger spectrum of Mg is probably due to a carbon impurity 
at the surface of the magnesium samóle. The observed energy results in 
a binding energy of 286.0(5) eV, which must be compared to 284.5 eV for 
the carbon Is level in graphite. 
In conclusion we have observed unambiguously the occurrence of a plasmon-
gain satellite of the KL2 31.2 з^О) Auger line both of Al as well as Mg. This 
confirms the importance of intrinsic plasmon excitation in these metals. 
We thank Dr. C.E. Johnson for his comments on this paper. 
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CHAPTER 5 
AN X-RAY PHOTOELECTRON SPECTROSCOPY STUDY OF PdSb, PtBi AND AuSn* 
P.M.Th.M. van Attekum and J.M. Trooster 
Abstract - The alloyr> PdSb, PtBi and AuSn as well as ihe 
pure constituent metals have been studied with X-ray pho-
tocle^.tron speetroseopy (XPS). The d-hands of Pd, PL· and 
Au reduee in width and shift to higher }>indinj energy on 
alloying. A relatively high electron density of states 
(DOS) at the Fermi level persists in Ρ tei, indicating an 
important contribution of th". Pt Sd electrons to the DOS 
at the Fermi level. Relating XPS and Auger shifts on al­
loying, г.'б haz'e derived values for the screened two hole 
Coulomb interaction in Pd, Sn and. Sb. Ρ о ih for the pure 
metals and the alloys the measured intensities of the 
XPS lines are. compared with theoretical cross sections. 
In general, good agreement is found except for the outer 
electron levels for which ths theoretical cross sections 
are too low. 
S.l Introduction 
Recently several papers have been published on the electronic structure 
of compounds with NiAs structure (Allen and Mikkelsen, 1977; Bongi et al, 1974; 
Castelijns and de Vroomen, 1978; Franzen and Sawatzky, 1975; Höchst et al, 
1976; Myron and Mueller, 197Q). Castelijns and de Vroomen (1978) used optical 
techniques to study the valence band of AuSn and PdSb. X-ray photoelectron 
spectroscopy (XPS) enables a direct measurement of the electron density of 
states (DOS) in the valence band, facilitating the comparison with theoretical 
calculations. An XPS study of a series of Auj-x Snx alloys has been reported 
earlier (Friedman et al, 1973), but it is likely that in that study the com-
position of the alloys deviated strongly from the assumed value (see section 
5.3.1). This paper presents an XPS study of the alloys PdSb, PtBi and AuSn 
Submitted to: J. Phys. F: W/ t7 Phys. 
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together with measurements on the pure constituent metals. Valence bands as 
well as core levels and Auger transitions have been measured. Although accu­
rate theoretical cross sections lor photoioni7ation are available (Scofield, 
1976), their use in XPS is hampered because the measured intensities are 
strongly affected by secondary processes and inelastic scattering of the pho-
toelectrons. Wo will show that although high accuracy cannot be obtained de­
viations from nominal composition larger than 10% can be detected. 
5 2 Experimental 
The measurements were performed with a Leybold-Heraeus LHS-10 spectro­
meter described elsewhere (Noller et al, 1974). The Henke-type X-ray tube has 
a copper anode with a magnesium layer evaporated on it, and was operated at 
10 keV and ?0 mA. Most measurements were made with a constant analyser po­
tential of 50 eV, which results in a resolution function, that is nearly Lo-
rentzian with a full width at half maxim»™ of 0.64 eV (van Attekum and Troos­
ter, 1979). 
The pure metal samples Au, Sn, Pd, Sb and Pt were studied in the form of 
thin evaporated films. The Bi sample was a platelet, that was cleaned by 
heating to 250 0C m a vacuum of 10 - 6 Pa. The alloys were prepared by L.W.M. 
Schreurs (Research Institute of Materials, University of Nijmegen) and stu­
died in the form of platelets of 10 x 5 χ 1 mm. Clean surfaces of the alloys 
were made by scraping the sample m vacuum. Argon ion sputtering could not 
be used as it was found, that this results in preferential removal of one of 
the constituents. The amount of either oxygen or carbon present on the sam­
ples during measurement is estimated to be less than 0.1 of a monolayer. The 
pressure during the measurements was of the order of 10 Pa. 
The spectra were recordad by sweeping reoeatedly through the desired e-
nergy range and storing the data in a multichannel analyser. Lines due to X-
ray satellites were removed from the spectra with a method described earlier 
(van Attekum and Trooster, 1977). 
5 3 Results 
5 3 I Core levels, valence bands and Auger peaks positions 
In Tables 5.1-3 a compilation is given of the experimental line positions 
of the samóles studied. For each XPS line the binding energy (in eV) relative 
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Table 5.1 Experimental data on Pd and Sb in the pure metals and the alloy 
PdSb. The errors in the binding energy of the XPS lines (relative 
to the Fermi level) and in the kinetia energy of the Auger lines 
(corrected for the work function) are given in units of the last 
decimal. The estimated error in the experimental relative cross 
sections is 10%j and the values between square brackets are from 
the calculations of Scofield (1976). 
lev«l 
Pd(3p 1 / 2 ) 
М(Зрз/ 2 ) 
P<iOd3/2> 
P<l(3d5/2) 
Pd(4») 
Pd(4p) 
PdtVS) 
PdOVV.sN^s) 
P<HMIvN'.,5
1)4,5) 
Sb(3p,/2) 
Sb(3p3/ 2) 
SbC3d3/2) 
Sb(3d5/ 2) 
ЗЬ<4в) 
Sb(4p) 
Sb(4d 3 / 2 ) 
Sb(4d 5 / 2 ) 
Sb(5.) 
Sb(5p) 
5Ь(Му^,5Кц >5) 
SbíM^N^sN^s) 
Pd 
559, 
532 
.9 
.1 
(Ι ) 
(Ι) 
340.45(5) 
335 
Θ7 
51 
2 
327 
332 
.1β(5) 
.5 
.4 
(2) 
(2) 
.35(10) 
.4 
.3 
(1) 
(Ι ) 
position 
PdSb 
533.3 (1) 
341.60(5) 
336.31(5) 
β8.3 (2) 
52.6 (2) 
326.3 (1) 
331.I (I) 
812.3 (3) 
766.1 (3) 
537.50(5) 
528.14(5) 
153.1 (2) 
100.1 (4) 
33.24(5) 
32.07(5) 
10.5 (2) 
9.0 (2) 
455.5 (3) 
45B.0 (3) 
464.9 (3) 
Sb 
812.7(1) 
766.4(1) 
537.7(1) 
528.2(1) 
153.5(1) 
100.1(4) 
33.5(1) 
32.3(1) 
10.0(1) 
2.7(1) 
455.1(2) 
457.5(2) 
464.5(2) 
Pd 
0.28 10. 
0.56 [ 0 . 
relat ive cross section 
.33 ) 
.66 ] 
0.65 [0.69 ] 
1.00 t I. 
0.07 [ 0 . 
0.24 | 0 , 
0.22 [0 
00 ] 
.05 ] 
.17 1 
. 1 3 ] 
PdSb 
0.65 [0.69 ] 
1 .00 [ 1.00 ] 
0.25 (0.17 ) 
0.35 [0.39 ] 
0.90 [ 0 . 8 2 ] 
1 .12 [ 1.17 ] 
1.68 [ 1.69 1 
0.06 [0.08 I 
0.44 [0.31 ] 
Sb 
0.39 [0.49 ] 
0.70 [0.69 ] 
1.00 [ 1.00 1 
0.03 [0.04 1 
0.25 [0.19 ] 
0.01 [0.005 ] 
0.01 (0.006 1 
to the Fermi level is listed, and for the Auger peaks the kinetic energy, cor­
rected for the workfunction. In case of Sb and Sn metal strong plasmon-loss 
satellites accompany the XPS lines. The intensity and position of these plas-
mon-losses are in agreement with XPS results (Pollak et al, 1974), electron 
energy loss measurements (Robins, 1962) and electron transmission experiments 
(Sueoka, 1965). In Figures 5.1-3 the valence bands of PdSb, PtBi and AuSn are 
shown, together with the valence bands of the constituent metals. 
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Table 5.Ρ Experimental data on Pt and Вг in the pure metals and the alloy 
PtBi. The errors in the binding energies (relatije to the Fermi 
level) are given in units of the last decvnal. The estimated error 
in the experimental relative cross sections is 10% and the values 
between square brackets are from the calculations of Scofield 
(Ί97β). 
Uvei 
Pt(ídí/2) 
Pt(4db/2) 
Pt(íf5/2) 
Pt(4f,/2) 
Pt(5p3/?> 
Pt(VB) 
Bi(4ds/2) 
Bl(4db/2) 
Bl(üf5/2) 
81(^7/2) 
Bl(5d3/2) 
Bl(5d5/2) 
Bl(6s) 
Bl(VB) 
74 
71 
51 
U 
1 
Pt 
41(5) 
07(5) 
7 (2) 
25(5) 
75(5) 
position (eV) 
PtBi 
331 25(20) 
314 5 (2) 
74 53(3) 
71 21(5) 
463 9 (2) 
440 4 (2) 
162 43(5) 
157 14(5) 
27 25(5) 
24 14(5) 
11 05(20) 
Bi 
463 7 (2) 
440 3 (2) 
162 21(5) 
156 8β(5) 
26 97(5) 
23 86(5) 
10 9 (3) 
3 45(30) 
1 15(10) 
Pt 
0 79 [0 
1 00 [ 1 
7B ] 
00 1 
0 06 [ 0 09 I 
0 20 [ 0 14 1 
relative cross section 
PtBi 
0 54 | 0 70 | 
0 79 1 1 03 1 
0 79 [0 78 1 
1 00 [ 1 00 ] 
0 67 [ 0 80 ] 
0 91 | 1 20 ] 
0 98 1 1 23 1 
1 33 | 1 57 ] 
0 12(0 11] 
0 17 (0 16 ) 
0 008 [ 0 008 ] 
Bi 
0 41 [0 51 ] 
0 79 [0 76 1 
0 78 (0 78 ) 
1 00 [ 1 00 ] 
0 08 [ 0 07 ] 
0 Π [0 10 ] 
0 005 1 0 005 ] 
0 005 [ 0 005 ] 
The results on Pd, Pt, Sb and Bi metal are in good agreement with lite­
rature (Baer et al, 1970; Baer and Myers, 1977; Friedman et al, 1973, Höchst 
et al, 1976; Hufner et al, 1974; Hufner et al, 1975; Ley et al, 1973; Pollak 
et al, 1974, Siegbahn, 1977; Smith et al, 1974; Wertheim and Hufner, 1975; 
Wertheim and Walker, 1976; Wertheim and Buchanan, 1977) except for the bin-
ding energy of the 3d5/2 level in Sb metal. The value given by Pollak et al 
(1974) is clearly erroneous and was propagated in the position of the cor-
responding plasmon-losses. For Pd metal a plasmon energy of 6.0 eV is ob-
tained in reasonable agreement with earlier results (Baer et al, 1970). 
For Au and Sn metal our results are in agreement with literature values. 
Values for Au and Sn core levels given by Friedman et al (1973) are based on 
an unusual reference and all have to be shifted by 0.6 eV to obtain the pre-
sent values. Friedman et al (1973) have studied AuSn alloys in a number of 
compositions. There is no agreement between the present results and those ob-
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Table 5.3 Experimental data on Au and Sn in the pure metals and the alloy 
AuSn. The errors in the binding energy of the XPS lines (relative 
to the Fermi level) and in the kinetic energy of the Auger lines 
(corrected for the workfunction) are given in units of the last 
decimal. The estimated error in the experimental relative cross 
sections ia 107,, and the values between square brackets are from 
the calculations of Scofield (1976). 
level positions (eV) re lat ive cross sections 
Au AuSn Sn Au AuSn Sn 
A u ( 4 d 3 / 2 ) 3 5 2 . 9 ( 1 ) 3 5 3 . 8 ( 1 ) 0 . 5 8 ( 0 . 6 6 ] 
A u ( 4 d 5 / 2 ) 3 3 4 . 7 ( 1 ) 3 3 5 . 8 ( 1 ) 0 . 7 5 [ 0 9 7 ] 
Au(4f5/ 2) 87.67(5) 98.57(5) 0.80 [ 0 . 8 1 ] 0 . 8 1 1 0 . 8 1 ] 
Au(4f7/2) 83.97(5) 84.89(5) 1.00 I 1 .00] 1.00 I 1.00 ] 
Аи(5рз/2) 57.25(20) 0.07 [0 .09 | 
Au(VB) ' ^ [¡J 0.26 [ 0 . 1 5 ] 
Sn(3pi/2) 7 5 6 . 8 ( 1 ) 756 .5 (2 ) 0 22 [ 0 . 3 7 ] 0.23 [ 0 . 2 5 ] 
Sn(3p3/2) 7 1 4 . 8 ( 1 ) 7 1 4 . 6 ( 2 ) 0 . 4 3 ( 0 . 7 8 ] 0 . 4 7 ( 0 . 5 2 ] 
Sn(3ii3y2) 493.47(5) 4 9 3 . 2 ( 1 ) 0 . 7 3 ( 1 . 0 7 ] 0 . 6 8 ( 0 . 6 9 ] 
Sn(3d5/2) 485.10(5) 4 8 4 . 8 ( 1 ) 1.05 [ I .49 ] 1 . 0 0 ( 1 . 0 0 ] 
Sn(4s) 136.8 (I) 0.03 (0.04 ] 
Sn(4p) 85.2 (3) 
4n(4d3/2) 25.27(5) 25.02(5) 
Sn(4d5//j) 24.34(5) 24.04(5) 
Sn(5«) 7.0 (1) 
0.24 [0 .26 ] 0.27 [0 .18 ] 
Sn(VB) 1.45(5) 
c r u M u 1 * 2 4 · 7 (2> 4 2 4 · 5 ( 2 ) 
4 3 0 . 9 (1 ) 4 3 1 . 2 ( I ) 
4 3 7 . 5 (1 ) 
0.02 I 0.01 ] 
SnCMn/Ni, .;«!, . ;) 4 3 7 І 2 ( 1 ) 
tained by Friedman et al (1973) on AuSn. However, samples studied by these 
authors were cleaned by argon ion sputtering and we have observed, that such 
treatment results in a considerable depletion of Sn from the surface layer. 
Thus the valence band of AuSni^ as presented by Friedman et al (1973) resem­
bles our results obtained on ÄuSn. 
5.3.2 Intensities of core level lines 
In the limit of an infinitely thick homogeneous sample the total mten-
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sity ΐ£ of the photoelectron line at kinetic energy ε^ ^ due to atoms of the 
type i is (Fadley et al, 1974): 
(da(e.)\ ^ 1 ) . Τ(ε.)λ(ε.) dû Ι ι χ ι (1) 
where I is the photon flux impinging on the sample, N^ the number of atoms 
emitting electrons from level i, (dofe^J/dfiJi the differential cross section 
for ejection of an electron from level i in the solid angle dñ, Τ(ε^) the 
sensitivity of the spectrometer and λίε^) the mean free path in the specific 
sample of an electron with energy ε^. For unpolarized light (ασ(ε^)/άΩ)^ can 
be written as (Reilman et al, 1976): 
(ä°uA 
l dñ J i 
σ. (ε.) 
ι ι 
4π 
Β.(ε.) 
1 Ц-3^- P2(cosÛ) (2a) 
where σ.(ε.) is the cross section for photoionization of an electron from the 
i-th level, β.(ε.) is the angular anisotropy parameter, which characterizes 
the angular distribution and is a function of the angular momentum and energy 
of the photoelectron, Р2Ы) = (3x - l)/2 and θ is the angle between photon 
and photoelectron direction. In the LHS-10 spectrometer θ = 60° (manual LHS-
10 spectrometer) so: 
\ dn J i 
σ. (ε.) 
ι ι 
4π 1 + 
β.(ε.) 
ι ι 
16 (2b) 
From Eqs.(l,2) it follows, that the ratio of intensities of two different 
photoelectron lines from the same sample is: 
Ν. σ. (ε.) [ 1 + 0. (е.)/1б ] Τ(ε.) λ(ε.) 
i l i 1 1 1 1 
Ν. σ.(ε.) [ 1 + Β.(ε.)/16 ] Τ(ε.) λ(ε.) 
3 3 3 3 3 3 3 
(3) 
For our spectrometer, operated at a constant analyser potential Τίε^) is in­
versely proportional to the kinetic energy of the photoelectrons (Möller et 
al, 1974). Thus for the ratio of cross sections σ. (ε.)/σ. (ε . ) we obtain: 
1 1 3 3 
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σ (ε ) Ι Ν [ 1 + β (ε )/16 ] ε λ(ε ) 
1
 Д-
 =
 -± -J. 2_J _à. 1_ (4) 
σ (ε ) Ι Ν [ 1 + g (ε )/16 ] ε λ(ε ) 
D D D i l i J ι 
The values of β1(ε1) can be obtained from Reliman et al (1976). The de­
pendence of the mean free path on the kinetic energy is not well known. 
Recently, Penn (1976) calculated the mean free paths of the elements as a 
function of the kinetic energy, and presented a method to calculate the mean 
free path in compounds. 
Using Eq.(4) and Penn's results for λ(ε ) we have calculated relative 
cross sections for the various levels in the metals from the measured area 
intensities. In Tables 5.1-3 these results are compared with Scofield's (1976) 
theoretical ratios. In determining the area intensities only the primary XPS 
line was used assuming the losses due to plasmons, shake-up satellites et 
cetera to be the same for all levels of a given element. In Tables 5.1-3 we 
compare also the experimentally determined crobs sections with the theoreti­
cal values of Scofield (1976) for the alloys assuming N = N, in Eq.(4). 
5 4 Discussion 
S 4 1 Cross sections 
The relative cross sections of the different core levels of a given ele­
ment in general agree with the theoretical values of Scofield (1976) both in 
the pure metals and in the alloys. Deviations, that occur for deep lying core 
levels resulting m wide lines such as Pd(3p), Au(4d) must be ascribed to 
less accurate experimental values. However, this is not the case for the ex­
perimental cross sections of the valence band of Pd, Pt and Au, which are 
40% larger than the calculated values. The same is true for the Sb and Sn 4d 
levels. These discrepancies presumably reflect the difficulty in calculating 
cross sections for outer shells. Experimental and theoretical cross sections 
of the two elements in the alloy are consistent with the nominal composition 
for PdSb. The PtBi alloy appears to be slightly enriched in Bi. A very large 
deviation from the nominal composition occurs in AuSn from the measured 
cross sections a composition Aug 5 Sno.it is derived. In view of the surface 
preparation technique this is a surprisingly large deviation probably due to 
a surface enrichment in Au. The Au(4f) lines have a shoulder on the high ki­
netic energy side, which can be ascribed to such an enriched layer. 
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5 4 2 Valence bands 
ігло -^—'—'—Í73Y '—í?ÍJf Îtt ' ' " ΐ?55 ' ' ' 'ass 
Ггдигр S.l Photoemiseion spectra of the valence bands of Pd, Sb and PdSb. The 
spectra have been corrected for X-ray satellites. The spectrometer 
resolution was 0.6Ί eV. Along the horizontal axis the kinetic e-
nergy of the photoelectrons is plotted (Fg = 0 at 1249.15 eV). 
The measured valence bands of the pure metals agree with the existing li­
terature. A companion with theoretical density of states (DOS) has been made 
for Äu (Smith et al, 1974), Pt (Smith et al, 1974), Pd (Smith et al, 1974), Sb 
(Bullet, 1975) and Bi (Baer and Myers, 1977). The DOS of Sn was calculated by 
Ament and de Vroomen (1974) and a comparison with the experimental spectrum is 
given in Figure 5.4. The theoretical DOS was convoluted with the instrumental 
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Figure S.B Photoemission spectra of the valence bands of Pt, Bi and PtBi. The 
spectra have been corrected for X-ray satellites. The spectrometer 
resolution was 0.64 eV. Along the horizontal axis the kinetic e-
nergy of the photoelectrons is plotted (F,ß - 0 at 1249.15 eV). 
resolution function, which to a good approximation is a Lorentzian with a 
width of 0.64 eV. The agreement between the experimental and "broadened" the-
oretical spectrum is excellent considering the fact, that no cross section 
effects have been taken into account: according to Scofield (1976) a(5s)/a(5p) 
= 1.6. 
Λ common feature of the valence bands of all three alloys studied is a 
narrowing of the transition metal d-band. ¡This is most clear in AuSn: the va-
lence band resembles closely that observed in Au(I) and Au(III) complexes 
(van Attekum et al, 1979). The 5d-band splitting is, however, slightly larger 
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Figure 5.3 Photoemisszon spectra of the valence bands of Au, Sn and AuSn. The 
spectra have been corrected for X-ray satellites. The spectrometer 
resolution was 0.64 eV. Along the horizontal axis the kinetic e-
nergy of the photoelectrons is plotted (Eg - 0 at 1249.15 eV). 
in the present case: 1.8 eV compared to a free atom spin-orbit splitting of 
1.5 eV (Moore, 1958). Shevchik (1975) has found, that the splitting of the 
Au(5d) band increases with increasing Au-content in Au-Cd alloys and has at-
tributed the increase in splitting to effects of banding. Apparently, the di-
lution of the gold by the tin in AuSn results in an almost core like Au(5d) 
level with a weak d-d interaction leading to the slight increase in apparent 
spin-orbit splitting. The valence band near the Fermi edge then has mainly 
Au (6s) and Sn(5p) character. The position of the maximum of the 5d peak is 
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Figure 5.4 Comparison between the broadened" theoretical density of states 
(Ameni and de Vroomen, 1974) [solid line ] and experimental va­
lence band of Sn metal. In the theoretical spectrum no cross 
section effects and background corrections were incorporated. 
about 5 eV below the Fermi edge in agreement with optical data obtained by 
Castelijns et al (1978). 
For PtBi a similar increase of the apparent spm-orbit splitting of Pt 
(5d) is observed· The free atom spin-orbit splitting is 1.05 eV (Moore, 195Θ) 
whereas in PtBi the splitting is 1.3 + 0.1 eV. The larger relative intensity 
at the Fermi level, when compared to AuSn or PdSb indicates an important Pt 
(5d) contribution to the DOS at the Fermi level. 
For PdSb a theoretical calculation of the valence band density of states 
is available (Myron and Mueller, 1978). In Fig. 5.5 the DOS convoluted with 
the instrumental resolution function is compared with the measured spectrum. 
The agreement is reasonable in view of the fact, that a proper comparison can 
only be made if matrix elements for the photoelectric effect are taken into 
account. In general, sharp peaks in claculated DOS have not shown up in the 
measured XPS spectra. The peak in the measured spectrum, attributed mainly to 
the Pd(4d) band lies 3.3 eV below the Fermi edge again in agreement with the 
conclusion drawn from optical measurements by Castellans et al (1978). The 
latter measurements also indicated, that the character of the bands at the 
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Figure 5.5 Comparison between the broadened" theoretiaal density of states 
(Myron and Mueller, 1978) [ solid line ] and experimental valence 
band of PdSb. In the theoretical spectrum no cross section effects 
and background corrections were incorporated. 
Fermi energy is mainly derived from Sb(5p) states. 
Pd 
Pt 
Bi 
r
L (3d 5 / 2 ) 
r
R (3d 5 / 2 ) 
rOd 5 / 2 ) 
гЧ«7/2) 
r
R ( " 7 / 2 ) 
r(4f7/2) 
r
L (5d 5 / 2 ) 
r
R (5d 5 / 2 ) 
r(5d b / 2 ) 
metal 
0.84 
0.56 
1.40 
0.90 
0.50 
1.40 
0.48 
0.45 
0.93 
a l l o y 
0.54 
0.54 
1.08 
0.60 
0.50 
1.10 
0.60 
0.52 
1.12 
Table 5.4 Lefthand (V1), righthand (TR) 
and total (T) width at half maximum 
of the Pd(3db/2), Pt(4f7/2) and 
Βί(5άζ/2) level in the pure metal 
and the alloys PdSb and PtBi, res­
pectively. The values quoted are in 
eV and the estimated errors are 0.05 
eV. 
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S.4.3 Core and Auger lines 
From the measured valence band spectra it is clear, that the density of 
states at the Fermi energy in PtBi is larger than in PdSb. This explains the 
asymmetry due to electron-hole excitations (Doniach and Sunjic, 1970) which 
is still present in the core lines of Pt in PtBi, whereas the Pd lines in 
PdSb are symmetric, see Table 5.4. Consequently, as illustrated in Fig. 5.6, 
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0 60 eV· TUT 
Ν»ι·" 
0.45 eV 
-0.28 eV 
rr0 52eV 
1216 1218 1220 ¡222 1221 1226 122Θ 1230 1232 " 12ЭЧ 
eV 
Figure 5.6 The Bi(Sd) lines in Bi metal and PtBi. The increased asymmetry of 
the lines in the alloy is due to the increase in electron density 
at the Fermi level. 
the Bi(5d) lines, which are symmetric in Bi metal (except for a tail due to 
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interband transitions (Wertheim and Buchanan, 1977)) become clearly asymme­
tric in the alloy. 
The metals Sb and Sn have clear plasmon-loss satellite lines (at ~ 15 
eV) accompanying the core lines, valence bands, as well as Auger peaks. In 
the alloys PdSb and AuSn no indication for plasmon-loss satellites was found, 
which is probably due to the occurrence of interband transitions (Hummel, 
1971). 
C / M I N 
PdSb 
iot* 
N ^ V 
V 
П Л Б ^ 
**, 
о иго чэо йчо Í=C ^ Э ЧТО Ч Э Í95 SUO 
il 
Figure 5.7 The Sb(áp) and Sb(MIV yHiti5N¡tj5) Auger spectrum in Sb metal and 
PdSb. No rhange of the lineshape occurs in the Auger spectrun on 
alloying. 
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As can be seen from Fig. 5.7, the M I V yNk 5 ^ 5 Auger peaks of Sb do not 
change their shape on alloying. The same is true for the other Auger lines 
studied. The kinetic energy of jkl Auger electrons with final hole configura­
tion X in a conductor can be written (Hoogewijs et al, 1977): 
E(jkl;X) = EB(J) - EB(k) - EB(1) - F(kl;X) + R(kl;X) (5a) 
where E B(j), Ез(к), EB(1) are the core level binding energies (from experi­
ment relative to the Fermi level), F(kl;X) describes the Coulomb energy of 
the holes in the к and 1 level and R(kl;X) is the additional relaxation ener­
gy of the two-hole final state, above the sum of the two one-hole relaxation 
energies, already included in EB(k) and E B(1). Defining Ueff (Antonides et 
al, 1977), the effective Coulomb interaction of the two holes on one site re­
duced from the free atom value by extra atomic relaxation, Eq.(5a) can be re­
written: 
E(jkl;X) = EB(j) - EB(k) - EB(1) - Ueff(kl;X) (5b) 
The resulting values for U
e
ff calculated from Tables 5.1 and 5.3 are: 3.3, 
6.7 and 7.3 eV for Pd, Sn and Sb, respectively. As in the case of the first 
transition metal series (Antonides et al, 1977) U
e
ff increases with atomic 
number, but the absolute values are importantly smaller. U
e
ff is the same for 
the pure metal and the alloy, even for Pd where valence bands participate in 
the M j V yNi, $Ыц 5 Auger transitions. As F(kl;X) is an intra atomic quantity, 
it is invariant to the chemical environment of the atom (Citrin et al, 1976) -
[ for instance AFd^Mij 5) = 0.2 eV for Zn -> ZnO (Antonides and Sawatzky, 
1976) ] , and because U
e f f does not change on alloying it follows, that 
the additional relaxation, R(kl;X), does not change on alloying). 
In Table 5.5 we list the average shift between the core levels and Auger 
peaks of each element in the metal and the alloy, respectively. The shift of 
the Auger peaks has the same magnitude, but opposite sign, as the correspon­
ding shifts in the core level binding energy. This can be understood as fol­
lows: For all core levels of a given element we find the same shift, ΔΕ
Β
, 
going from the metal to the alloy, therefore according to Eq.(5b) the shift 
in kinetic energy of Auger electrons going from the metal to the alloy is: 
AE(jkl;X) = - ΔΕ 3 - AUeff(kl;X) (6a) 
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PdCcore levels) 
PdCAugers) 
Sb(core levels) 
Sb(Augers) 
Pt(core levels) 
Bi(core levels) 
Au(core levels) 
Sn(core levels) 
Sn(Augers) 
average shift 
(eV) 
-1.1 (O 
+1.2 (1) 
+0.2 (1) 
-0.4 (1) 
-0.1 (1) 
-0.25(10) 
-0.9 (1) 
-0.3 (1) 
+0.3 (1) 
Table S. S Averaged measured shifts (metal 
minus alloy) in core binding and 
Auger kinetic energy, vesveoti-
vply. The errors are given in 
units of the last decimal. 
Since we have already found that U
eff(kl;X) does not change on alloying, this 
results in· 
ДЕ(]к1;Х) = - ΔΕ
Ε 
(6b) 
As the Fermi level is used as reference for the binding energy of the 
core levels, the shift, ΔΕ
Β
, of the core levels upon alloying is given by 
(Watson and Perlman, 1975): 
ΔΕ
Β
 = Д
е і 
Δει (7) 
Δε is the difference in one electron binding energy in the metal and the 
alloy with respect to the crystal zero and ίε
ρ
 is the change in position of 
the Fermi level. Since Δερ is unknown, a quantitative estimate of the change 
in one electron binding energy is impossible. However, Mössbauer experiments 
on Sb (Montgomery and Ruby, 1970) and Au and Sn (Watson and Perlman, 1975; 
Chou et al, 1976) have shown, that for PdSb and AuSn only a minor charge 
transfer (< 0.1) electron), but appreciable modification of the electron con-
figuration around the Pd and Au nucleus (increase in s electron density at 
the cost of d electron density) occurs. Therefore, it is probable that the 
shifts in the core level binding energies are mainly due to electron con-
figuration changes and differences in the position of the Fermi level on 
going from the pure metals to the alloys. 
100 
5 S Conclusions 
The alloys PdSb, PtBi and AuSn were investigated with XPS together with 
their constituent metals. The valence bands of the alloys all have a narrower 
d-band than the pure metals, but the apparent spin-orbit splitting in case of 
Au in AuSn and Pt in PtBi is still larger than the free atom value. The 
changes in the electronic structure on going from the metal to the alloy also 
leads to shifts of the positions of the core level lines and Auger peaks, a 
change of the asymmetry of some of the core lines and the disappearance of 
the plasmon-loss satellite lines in the alloys. The composition of the alloy 
samples was studied by comparing the experimentally determined relative cross 
sections with calculated ones. From this it was found, that the PdSb sample 
had the nominal composition, PtBi was slightly enriched in Bi and AuSn was 
appreciably enriched in Au. 
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CHAPTER 6 
AN X-RAY PHOTOELCCTRON SPECTROSCOPY STUDY OF SOME Au(I) AND 
Aii(III) DITHIOCARBAMATES* 
Ρ M Th M van Attekum and J M Trooster 
Abstract - Thp factorn influcncinq tbc decomposition rate of 
two gold(Iir) aorroLexes гп an X-ray Oho+oeleotron sveotrosco-
py experinenl were studied. It i;; shown, that the decomvo.ii-
tion rate ea/i be slowed down tv winy oraphite as sube trate 
and by lowering the sample temperature. From the Ли(4/) spoo-
Irv/n a direct measure of the shift in the binding enerav be­
tween Аи(ІГГ) and Ли(Т) was delermined and shown to be de­
pendent ση the electrcnegativity of the ligands. The valence 
bands of the aompleres show a narrow Au(5d) band with a <;pin-
orbit snliiting of" 1.6 e J. 
6 1 Introduction 
X-ray photoelectron spectroscopy (XPS) studies of gold metal and gold 
alloys are numerous. On the other hand only a few XPS investigations have 
bppn reported on solid samples of gold complexes . A possible reason for 
this is, that the study of inorganic or organic complexes is often hampered 
by decomposition of the compounds during measurement. As part of an extensive 
XPS study of gold complexes we report nere on the stability of two gold(III)-
compounds as function of the sample preparation technique, temperature and 
X-ray intensity. The decomposition enables us to measure directly the diffe­
rence m Au(4f) kinetic energy between Au(TTI) and Au(I) without correcting 
for charging effects and to study cnanges зп the valence band structure with 
change in formal valence. 
0
'χ'"iltted to. J. C-e™. 3)c., 1αΊ-ι-οη Transactions. 
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6.2 Experimental 
The X-ray photoelectron spectra were measured with a Leybold-Heraeus T,HS-
10 spectrometer using Mg Κα radiation. Lines due to X-ray satellites were re­
moved from the experimentally measured spectra using a computer program des­
cribed earlier . The spectrometer was set for an instrumental resolution of 
0.8 eV. The compounds were prepared by Dr. J.G.H. van der Linden'' using pu­
blished methods6. We have studied dimethylgold(III)dimethyldithiocarbamate -
(CH3)2AuSSCN(CH3)2 - and dibromogold(lll)di-n-propyldithiocarbamate - ВггАи 
35СМ(п-СзН7)p. The samples for the XPS measurements were prepared either by 
sublimation in a preparation chamber at a pressure of about IO - 0 Pa or by 
evaporation of a dilute solution. Sublimation was carried out on silver plated 
plated stainless steel platelets and has the advantage, that very homogeneous 
thin layers can be nade, which, in general, yield appreciably narrower lines 
than can be obtained when measuring on powders. Evaporation of solutions was 
done on graphite, on glassy carbon and on the silver substrate. The oorous 
surface of graphite induces rapid and even distribution of the liquid 
resulting m thin homogeneous samples. On the other nand evaporation on the 
silver substrate or the glassy carbon often results in layers of uneven 
thickness and visible crystallites. The graphite and glassy carbon substrates 
have the advantage, that the XPS spectrum is simple with a very weak valence 
band. 
Computer fits were carried out on an IBM 370/158 computer. The fitting 
program is a least squares procedure described elsewhere . Fitting the spec­
tra with calculated lineshapes is difficult because the lines in general do 
not have a simple analytical lineshape and the background intensity is not 
a simple polynomial because of inelastically scaLLcrcd electrons. If, however, 
a limited energy range is taken, the Au(4f) lines can be reasonably fitted 
with a sum of Lorentzians superposed on a sloped background. 
6 3 Results 
6 3.1 Decomposition rate 
In Гідигеь 6.1 and 6.2 the Au(4f) spectra of (CH3)2Audtc (dtc = dithio-
carbamate) and Br;>Audtc measured on samples prepared by sublimation on the 
silver substrate are shown as function of time. Clearly, both samples decom-
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550W 2¿5«K 
ЬЧаи^с 6.1 ¡ν'A?) ocre Hues of (CI'-¡i2^uSr>C',l(С/'з^г svblirncd on i^e aihwr 
su^siraue an function of the neasvring tine. The kineiic ewr-
jU sraTe is not correr ted for charging. 
pose in the spectrometer. The decomposition rate for sublimed samples was de­
termined by fitting the experimental 4£-5оес^га with two pairs of Lorentzians 
with equal linewidth, a séparation of the lines within a pair of 3.70 eV and 
an intensity ratio equal to 1.25 for the lines within a oair. (The value of 
l.?S is the theoretical ratio given by Scofield ). In Figure 6.4 the percen-
tage of deconroosition product, derived from the intensity ratio of the two 
pairs in the soectrun, is plotted for (CH3)2Audtc. It is obvious, that the 
décomposition rate of (CH-^l^Audtc depends strongly on the X-ray intensity and 
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na bVYzV is not aorrP(jJ-pd for oliarjing. 
samóle tenroerature. Similar results were found for B^AudLc and for samples 
prepared by evaporation of a dilute solution on the silver substrate. With 
the X-ray tube switched off no decomoosiLion occurred. The decomposition rate 
was independent of the thickness of the sample. However, for samples prepared 
by evaooration of a solution on graohite the decomposition rate is at least 
an order of magnitude slower. This cannot be due to the presence of carbon, 
since sanples prepared by evaporation on glassy carbon decompose almost as 
fast as when evanorated on the silver substrate. A possible explanation of 
the btabili7ing effect of graphite could be a binding of the compound with 
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(CH^AuSSCNICHj); 
_l_ 
1 8 9 HRS 
Fiiur'c· 6.c Increase of the peveentaae of the decomoo.rìHon produci of 
(rhi)lAvSZCl'ÌCH-ì)j ai fimc<ion of 'ne •cjmle WnperaLi'/'e œi'i 
y-rau ini er яг tu. ^e pcvnti are obfained by fittinq the csve-
rimerbiil tO?'tra aj slcvr ir ni^ 're <'.7 uith two paire of Lo-
rentsiana. The es*imaged error in 'Je verccnlaqea in 10%. 
the delocalized Tr-system of qraohxte (in glassy carbon this délocalisation 
іь much smaller). However, 1 9 7Au МоччЬаиег spectra9 of (CH3)7Audtc pure and 
evaporated on graphite show no difference. Thus, the binding has to be weak 
and does not change the compound under study. Obviously, the substrate plays 
an important role in the deconraosition as well as the X-ray irradiation. 
6 Я 2 Line positions 
In Table 6.1 the oxpenmentally measured kinetic energies of the core 
lines for the starting and decomposition product of (CHs^Audtc and Br7Audtc 
are listed. Since Lho compounds arc electrical insulators, charging of the 
sample can occur, resulting in lower measured kinetic energies. However, 
charging of samples is smaller the thinner the sample and from a series of 
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labte f.7 KineLic еле іг^ corrected for charqinq (eee text), of Lhe rele­
vant core levels of the convounde studied. The eatimated errors 
are ± 0.° cJ. 
(СНз)2Аи(ІІІ)ЗЗСЧ(СНз)2 Br2Au(III)SSCN(n-C3H7)2 
peak starting decomposition starting decomposition Au(I)SSCN Au(I)SSCN 
product product product product (п-СцНдЭг (п-СэНуЭг 
C(ls) 964.4 
knCií,^) 1163.05 
S(2p) 1085.9 
N(ls) 848.85 
964.4 
1164.5 
1086.0 
848.7 
964.4 
1162.2 
1085.7 
848.8 
964.4 
1164.6 
1086.1 
848.8 
964.4 
1164.6 
1086.4 
849.2 
964.4 
1164.8 
1086.6 
849.3 
neasuroraents on very thin samples of (CI^^Audtc we derive a maxinum value of 
1163.0 eV for the kinetic energy of the Au(4f7/2) line. This is to be com-
pared with a kinetic energy of Нб'З.г eV for AuHfy/?) in Au metal. The С (Is) 
kinetic energy m this case is 964.4 eV compared to 964.7 eV in graphite. In 
Table 6.1 we have used this value of С(Is) as an internal standard in all 
compounds measured to account for the effects of charging. 
From the shift in kinetic energy of the Au(4f7/2) line during the decom­
position it is clear, that the Au is reduced m both cases. The reduced pro­
duct is probably a A u i D d t c complex, as the values of the kinetic energies 
of the core levels of C, Au, S and N in the decomposition oroduct closely 
resemble those of two Au(I)dLc complexes which were measured separately and 
did not show any decomposition. The kinetic energy of the Au(4f) lines of 
starting and decomposition product differs by 2.4 *• 0.1 eV for BrjAudtc and 
1.5 + 0.1 eV for (CH3)2Audtc. If we assume, that the endproduct in both cases 
is Au(I)dtc, the difference in shift of the Au(4f) lines must be attributed 
to the difference in electronegativity of Br and CH3. According to Gelius et 
a l . 1 0 the group-electronegativities of Br and ГН3 as derived from a series 
of XPS spectra is J.3 and 2.0,respectively. The larger electronegativity of Br 
results in a larger positive charge on Au m n^Audtc. This is also in agree­
ment with Mossbauer measurements on these compounds 7. (CI^J^Audtc has a larger 
isomer shift and quadrupole splitting than BrpAudtc indicating a more covalent 
bonding in the methyl complex. It is unlikely, that the decomposition product 
is metallic gold as the kinetic energy of the 4f lines of the endproduct is 
0.7 eV lower than for Au metal. Van de Vondel et al. 1 found an energy ditfe-
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rence of 2.0 oV between formal gold(III) and gold(I) compounds. The present 
results show, however, that the range of Au(4f) binding energies in gold(III) 
complexes is at least 1.0 eV wide. 
6.3.3 Valence bands 
Volente Region 
' ν/ 
F-i\"V r . ' · ' Vnlrr.r·--· ha> is of (C'lj)?S J.FSC'.'fCe-j)?, its deaonposti'.ion OVOibct 
l'iJ 'οΙΊ "ii*',?". "he *<ìnc~'.~' f'erjy лочіе of тУ'с 'joij. jo*™70¿nds 
I,? <TW-J<\l ¡·ιΊί, i>\7t ~'-c A'i(4f) coee Uñes. Tic. ¡.ι; 'Jс "огі^іспі 
П О 
In Figure 6.4 the valence bands οι (CH3)2Audtc and its decomposition 
product are compared with the valence band of gold metal. To our knowledge, 
this is the first ΧΡΞ measurement of the Au(5d) level in a molecular complex. 
The spectrum of (СНз^АиаІс is a sum of several measurements of one hour at 
80oK and 250 W X-ray power, and the amount of decomposition product formed 
during this time is less than 54.. The broadening of the Sds/? peak in gold 
metal due to overlap of Au(5d) bands is reduced in the complexes. Tn the va­
lence band spectrum of (CH3)2Audtc the two peaks are attributed to the Au(5d) 
level with a spin-orbit splitting of 1.6 i 0.1 eV. The free atom spin-orbit 
splitting is 1.4 eV 1 1. The shoulder on the high kinetic energy side of (СНз)2 
Audtc is ascribed to the bonding MO's. The Au(Sd) levels in the decomposition 
product, Au(l)dtc, are shifted by ~ 1.6 eV with respect to (Cf^^Aucitc in 
good agreement with the shift of the Au(4f) lines. The shoulder is reduced 
in intensity presumably reflecting the removal of CH3. 
6.4 Conclusions 
The results of this investigation lead to the following conclusions: 
In XPS measurements of Au(III) complexes and possible of other compounds as 
well, the decomposition rate can be reduced considerably by using graphite as 
substrate and by lowering the sample temperature. 
The AudlDdithiocarbamate complexes studied are reduced to a Au(I)dithio 
carbamate. The binding energy of the 4f core levels of the Au(TII) complexes 
is strongly dependent on the ligand groupelectronegativity. The shift in bin­
ding energy of the 4f core levels on reduction is also found for the Au(5d) 
level, which shows narrow atomic-like lines with a spin-orbit splitting of 
1.6 eV. 
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CHAPTER 7 
AN X-RAY PHOTOFLECTRON SPECTROSCOPY STUDY OF GOLD CLUSTER 
AND GOLD(I) PHOSPHINE COMPOUNDS* 
P.M.Th.M. van Attckum, J.W.A. van der Velden and J.M. Trooster 
Abstract - X-ray vhotoeíectron spectra have been measured of 
the gold oLusier compounds А -цІуХз, [ AU^LQ ] 3 + [ У ] 3 and 
[Au8Ls ] 2 + [ У ] 2 with L = t^'-arul vhisphine, X = Cl, 1, SCV 
or (TV and Y - OFb, CLOh or '.O3. These were compared with XPS 
spectra of a scries of gold(I) compounds with the same Zi­
ganas. ΑΠ gold atoms in the gold cluster compZexes have the 
same binding energy for 4f electrons as in the gold(T) com-
vovnds. The Au(5d) valence band doec not show any broadening 
attributable to d-electron de localization. These results 
supnort the earlier conclusions drawn fron Mössbauer data 
that there is little interaction between the peripheral gold 
atoms in the gold cluster compounds. The intensities of XP" 
lines we^e also measured and found to be consistent with the 
composition quoted for the various compounds and with the-
oretical cross sections. 
7.1 Introduction 
In two recent papers Vollenbroek et al.1'2 have presented results of a 
Mossbauer study of two types of gold cluster compounds: AU11L7X3 and 
[ AugLg ]3+ [ Y ] 3 L = tn-aryl phosphine, X = Cl, I, SCN or CN and Y = ΡΓ 6, 
СІО^ or NO3. In both types, one central gold atom has bonds with all other 
(peripheral) gold atoms of the cluster, which are bonded to the ligands L and 
X. This is illustrated in Figs. 7.1 and 7.2. From the Mossbauer spectra it 
was concluded that the electronic structure is best described by considering 
the peripheral gold atoms to be linearly coordinated to the central gold atom 
on one side and the tn-aryl phosphine or (pseudo) halide on the other bide. 
Submitted to: Tnorg. Chem. 
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Fiaure 7.1 Structure of gold cluster in Аиц \Р( -ГС
ъ
Нц) ^ ] jT3. Cites 6, 7 
and S are coordinated to Iodine and vhe others to іН -РС^Нц)^. 
•inure 7.2 Ал-? skeleton in Ач\\\.Р{С
ь
Н
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This implies that only weak bonding exists between the peripheral gold atoms. 
Consequently, the main difference in the electronic structure is caused by 
the attached ligands. This view-point conflicts with Molecular Orbital calcu­
lations by Mingos and with an X-ray ohotoelectron spectroscopy (XPS) study 
of Battibtom et al.1*. The M.О. calculations indicated that appreciable dif-
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ferences in net charge exist between the various gold atoms in the cluster 
and the ΧΡΞ data of Battistoni et al.4 seemed to corroborate this result as 
several Au 4f binding energies were found. In this paper wc present results 
of XPS measurements of several Aug and Аиц clusters, and of a new cluster 
compound containing eight gold atoms5. To aid in the interpretation, we have 
also measured several Au(I) compounds with the same ligands as present in the 
cluster compounds. 
If there is appreciable bonding between peripheral gold atoms in the 
cluster, one expects this to have a measurable effect on the width of the 
gold 5d level. Calculations of the bandstructure of small metallic clusters 
of Ni and Pt indicate that already for thirteen atoms the d-band width re­
sembles that of the bulk metals''. We have therefore measured the 5d bands of 
both Au(I) and gold cluster compounds rather extensively. The large number of 
compounds measured has prompted us to measure the intensities of the various 
XPS lines as well in an attempt to assess the possibilities of XPS for quanti­
tative analysis. 
7.2 Experimental 
A Leybold-Heraeus LITS-10 spectrometer equipped with a Mg anode was used 
to measure the X-ray photoelectron spectra. Lines due to X-ray satellites 
were removed from the measured spectra with a computer program described else-
where . Although the minimum instrumental resolution of this spectrometer is 
0.64 eV, we have used a resolution of 0.8 eV throughout this study to in­
crease the count-rate. 
The cluster compounds were prepared by F.A. Vollenbroek and the Au(T) 
phosphine complexes by J.G.M. van der Linden . Samples for XPS measurements 
were propared by evaporation on graphite of a dilute solution of the compound 
in dichloromethane. It was found recently, that by using graphite as a sub­
strate, the decomposition rate of Au(IIl) dithiocarbamate complexes can be 
considerably reduced . In those cases where decomposition was found to be 
appreciable (cluster compounds), the decomposition was further reduced by de­
creasing the temperature of the sample to -150 0C. The Au(4f) line was moni­
tored repeatedly and the measuring time limited to prevent build-up of de­
composition. 
Although graphite has a very weak valence band intensity in XPS spectra 
, the samples were usually so thin that the graphite background interfered 
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with the valence bands of the compounds. The measured valence band spectra 
were, therefore, corrected for the graphite background by subtracting the 
spectrum of pure graphite. The scaling factor was determined from an analysis 
of the measured С(Is) line. 
7.3 Results 
A list of the Au(I) compounds, that were measured, is given in Table 7.1, 
Table 7.1 Kinetic energica, aovreeted for diCfevenoes in elmvjina with 
Ρ(2Ό) = ΊΊ1/.0 eV, о J" ike core Levels in the gold(I) phoophirO 
conoounds. The estimated vncertaLnty in the positions in * O.P, p'J. 
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which presents the positions of the main XPS lines of each element present. 
All these compounds are nearly linearly coordinated with a tri-aryl phosphine 
ligand on one side and, with a few exceptions, a (pseudo) halide on the other 
side. 
The determination of the binding energy of electrons in non-conducting 
solids oresents a fundamental difficulty. In conducting solids the absolute 
binding energy can be determined from the photoelectron kinetic energy, only 
when the workfunction of the compound is known. Where this is mostly not the 
case, binding energies in conductors are usually referred to the Fermi energy. 
Such an internal standard is not available in non-conducting solids. This 
problem is confounded by the fact that duo to photoemission an insulating 
solid can acquire a net positive charge and the resulting potential di ffe-
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rence with the spectrometer housing sometimes leads to very large shifts 
(several eV) in the measured kinetic energy of the photoelectrons. In our 
case all compounds contain phosphorous in a di- or tri-aryl phosphine ligand 
and we have chosen the P(2p) line of this phosphorous atom as the internal 
standard. The popular choice of an aryl or alkyl С(Is) as a standard was not 
used because of overlap with the С(Is) of the graphite substrate. The P(2p) 
kinetic energy was set at 1117.0 eV. The kinetic energy values can be com­
pared with binding energy values relative to the С(Is) line at a binding ener­
gy of 285.0 eV 1 1 using the relation E k i n = 1249.15 - E B, where Е к і п and Eg 
are the kinetic energy of the photoelectron and the binding energy, respecti­
vely, and the value of 1249.15 is the kinetic energy of an electron ejected 
from the Fermi level. 
Table 7.2 Ratios of the area intensities per atom in the Au(I) compounds. 
'¡'he estimated errore in the ratios are 10". 
In Table 7.2 we list the experimental ratios of the area intensities per 
atom of the Au, Ρ and Cl in the Au(I) compounds. The values obtained on the 
different compounds agree within 10-15%. Theoretically the intensities per 
atom are given by: 
li Ιι/Ν
ι
 σ,(ει) [ 1 + 3I(FI)/16 ] Tirj) Afcj) 
Ï J " 12/Ñ2 ~ a?<•??.) [ 1 + 6 ? ( F ? 1 / 1 6 ] ти?) ГГсТГ ( 1 ) 
where σ^ίε^ is the cross section for photoiomzation from level i, βχίε.) is 
the angular anisotropy parameter, Τ(ε1) is the transmission of the spectro-
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meter at energy Cj^  and λίε^ ig the mean free path in the sample under con­
sideration of an electron with energy c^. The theoretical values of the cross 
section for photoionization with Mg Kaj 2 radiation have been calculated by 
Scofield17. The amcotropy parameters З^г^) are given by Reilnan et al. . 
The transmission of the LHS-10 electron spectrometer is inversely proportio­
nal to the kinetic energy of the electron14. Penn 1 5 has presented calcula­
tions of the mean free path for pure elements and for compounds, but his re­
sults deviate strongly from experimental data on ΚΙ ε. We use the approximate 
expression Ad.^) = a(e^) where α is a constant. The theoretical values for 
I1/I2 calculated with Eq.(l) are also given in Table 7.2. The agreement be­
tween calculated and experimental values is good, except for the P(2s)/P(2p) 
ratio. In view of the general agreement between experimental and theoretical 
values it is probable that the calculated value of the Р(?ч) cross section is 
too large. 
Table 7.0 Ki.neLic energies;, oorvected for differences in ohargina with P(P,p) 
of the tri-aryl phosvhine yroap set equal to 1117.0 eV', of the 
core levels in the gold rlusler compounds. The eslimated unccr-
taintu in tlie positions is ±0.2 eV. The ireanurements were dore 
at -100 0C. 
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Table 7.3 lists the positions of the main ΧΡΞ lines of the cluster com­
pounds that have been investigated. The ÄUß [р(с6н5)з І8 f PF б 1? c o mPJ- c x i's 
a new cluster compound reported recently by Vollenbroek et al. . The geometry 
of the Äug skeleton can be described as being derived from that of the Aujj 
cluster given in Figure 7.1 by removal of the three gold atoms in the basal 
triangle. Only one Ли 4f doublet was observed in all cluster compounds. Fig. 
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7.3 illustrates the close similarity between the Au(4f) spectrum of a gold(I) 
phosphine complex and a cluster compound. The observed Imewidth is in both 
cases 1.5 *- 0.1 eV. This is larger than measured on gold metal (1.2 eV) at 
the same spectrometer resolution and is probably due to small inhonogemties 
in the charging of the sample. Table 7.4 gives the experimental ratios of the 
area intensity per aton of the Ли, Ρ and Cl in the gold cluster compounds. 
There is excellent agreement with the values found for the gold(I) phosphine 
complexes. 
Tn Fig. 7.4 are shown the valence bands of AuLSCN, AuL'SCN, АицІуСЗСМЭз 
and Auj L7(SCN)3 where L = Р(С6Ч5)з and L' = Ρ (p-ClCgHij) 3. As in the case of 
the binding energies a close similarity is found for the gold(I) phosphine 
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compounds and Lhe gold c l u s t e r complexes. 
'uhle /. .' Patios о J' the area ir.tensiite;·, pci> atom in the gold ilj.iter com-
*x)¿nde. The esbim',iid error:· in ікз ratios are 10".. 
iun j Ì J . ' l ' ( J > ) F"*) " ( i n ) ( I ' f iW , 4 4 ( 1 ' ) / - t-^i 1 4 , / P * , l t , S ) 
Ли 1 (( Ht ) i ι ' 1 > Í 4 !·> 1 > ' J 
M.,1 ("Г ) I M ) 0 fib Ч 1? [ Π ta 1 
Λι 'Ml Ъ ^ Ч г ^ 
Ли I ( Ч Ν) 11 Τ ' f-7 
\ι ι 1 ' ( S C M Π •) f i i ^ I 6 7 
, I (ne ) I - ) Π 7'. 0 .'J Ι Π ^5 ] 
I - !'(
 r
l L , " '(,'-( - 1 ) 
' K - i . r m i t l n t l i of l ^ t ι1!" ι ічг.ш·. I n e s o' t i e Pl· - r o m ind tl-p Γ(Γ II ) ¿ты > 111 
vilil i .-. b . t u . - i n b r i c k e c i a r t Lh. t l i 4 > r t t 1 1 i l V lh lPS 
7.4 Discussion 
AuPfCcHs)3CI and АигСС^Н^)? Ρ(CH2)P(C6H5)2CI2 have been measured by van 
de Vondel et al. and there is excellent agreement with the present results. 
BaLtistoni et al.1* studied a series of mononuclear gold compounds. After cor­
rection for the different internal standards, there is good agreement between 
thoir values and those reported here. For the gold(l) compounds studied by us 
there is surprisingly little variation in the kinetic energy of the Au(4f) 
lines, but there is significant difference with the kinetic energy of the 
Au(4f) lines reported elsewhere ' for gold(I) '^thiocarbamates (Audtc) , where 
gold is coordinated to two sulphur atoms. The kinetic energy of the Au(4f) 
lines of the Au(I)dtc complexes is 1.0 eV larger. A similar difference was 
found by van do Vondel et al. 1 1 between АиР(С6Н5)зС1 and Лиг (S2P (C?Hi,) ? ) 2, 
which also contains two sulphur atoms directly connected with Au(I). 
The present results support the description of peripheral gold atoms in 
the cluster compounds as being linearly coordinated: the binding energies of 
the AuMf) electrons are identical to those of the gold(l) phosphine com­
pounds and most inportantly, the valence bands do not show any broadening 
which would point to a significant d-electron delocalization in the gold 
clusters. It is surprising, though, that in the 4f spectra no trace is found 
of the central gold atom, for which one expects an electronic structure dif­
ferent from the peripheral gold atoms. Apparently, the Au(4f) binding energy 
of the central gold atom is very close to that of the peripheral gold atoms. 
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Figure 7.4 X-vaii OhotoelecLron spectra -after correction for the subi;trate 
Jalence band- of the valence bands in AuLSKl (A), AuL'SCfl (Ъ), 
Au
u
L7(3Cn)3 (C) and А'лцЬт(Г.СП)ъ (D) where L = Р{СЪ!!5)3 and 
L' - P(p-ClC&!!i,)3. The spectra are normalized on the Aui'lf-j^) 
Line. 
In view of the widths of tho 4f lines and the small relative intensity of the 
line due Lo the central gold atom, we estimate the maximum binding energy 
difference to be less than 0.5 eV. Battistoni et al.' observed the appearance 
of extra 4f lines in the XPS spectra of the cluster compounds. These extra 
lines, however, nust be ascribed to decomposition products, since we observe 
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these extra lines only after prolongated measuring times. 
The valence band of both the gold(I) phosphine compounds and gold clus­
ter complexes consists, generally, of a doublet due to the spin orbit split 
Au(bd) bands and a shoulder the intensity of which depends on the ligands. 
The spin orbit splitting is 1.6 ± 0.2 eV. When Ptp-ClCgHi,) is present the 
splitting of the 5d lines is no longer resolved: the Cl(3p) line of this li-
gand is situated between the two 5d bands. Subtracting the normalized valence 
band spectrum of Au L
c
,X
r
 from that of AUpL^Xj. - L = PtCgHs^and L' = 
Pip-ClCgHit) 3 - we found a single line at 124?. 3 ± 0.3 eV. The energy diffe­
rence with the corresponding С1(2рз/;>) line is 193.9 + 0.4 eV in good agree­
ment with the separation of 193.2 eV found in KCl . 
A number of other results are noteworthy: The kinetic energy of the 
CI (203/2' Ime of the chlorine directly bound to gold is 2.1 ± 0.2 eV higher 
than of the chlorine in the benzene rings. For the phosphorous atons in PFg 
and РСС^Нзіз a difference of 4.5 ± 0.2 eV is Found, in good agreement with 
literature . The cross section ratios per atom for the gold(I) phosphine 
complexes agree with each other within 10-113%. The corresponding ratios for 
the gold cluster compounds lie within the same range, i.e. they are in agree­
ment with the quoted nominal conposiLion of the gold cluster compounds. 
However, the determination of the comoosition of a sample with XPS is only 
possible within 10-15«. 
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SAMENVATTING 
Fotoplektron Spektroskopie is een relatief nieuwe exoerimentele methode 
om de bindingsenerqie van de elektronen in een atoom of molekuul te bepalen. 
Het te onderzoeken preoaraat wordt in Vakuum bestraald met licht, waardoor 
elektronen uit het preparaat kunnen worden vrijgemaakt. De aldus gekreeerde 
fotoelektronen bezitten een kinetische energie gelijk aan het verschil tussen 
de energie van het lichtkwant on de binding^energie van het vrijgemaakte elek-
tron. In de experimenten, die hier besoroken worden, werd steeds magnesium 
röntgenstraling als lichtbron gebruikt. Aangezien de energie van de rontgen-
kwanten bekend is, kan door meting van de kinetische energie van het foto-
elektron de bindingsenergie van het vrijgemaakte elektron bepaald worden. De 
elektronen van een atoom -al dan niet opgenomen in een groter geheel- kunnen 
sterk verschillende bindingsenergieen bepitten. Tn bet algemeen maakt men een 
onderverdeling m core elektronen -die elektronen, die zich dicht bij de kern 
van het atoom bevinden en in molekulen niet aan de binding deelnencn- en va-
lentie-elektronen. Naast de verschillen in bindingsenergie binnen een element, 
bestaan er ook grote verschillen tussen de elementen. Dientengevolge kan 
ronlgen fotoelektron Spektroskopie als een analyse-techniek gebruikt worden. 
De mogelijkheden /ijn echter uitgebreider. De bindingsenergie van een core 
elektron is afhankelijk van de chemische en/of elektronische omgeving van het 
atoom en de bindingsenergie van de valentie-elektronen wordt in sterke mate 
bepaald door de binding. In principe kunnen gassen, vloeistoffen en vaste 
stoffen met rontgen fotoelektron Spektroskopie bestudeerd worden. In dit 
proefschrift worden echter alleen experimenten aan vaste stoffen besproken. 
Alvorens in te kunnen gaan OP de toepassingen van rontgen fotoelektron 
Spektroskopie moet een experimentele moeilijkheid opgelost worden. De ge-
bruikte röntgenstraling is met monochromatisch. Door de rontgon-satellicten 
ontstaan duplikaten van de aanwezige spektraallijnen, die het experimentele 
Spektrum extra gekompliceerd maken. In hoofdstuk 2 wordt een numerieke me-
thode beschreven om deze duolikaten uit het experimentele spoktrum te ver-
wijderen. De resolutie, die net deze kwasi-nonochromatische lichtbron bereikt 
kan worden, bedraagt 0.64 eV (zie hoofdstuk 3) . 
Tn dit proefschrift worden drie soorten van toepassingen van rontgen 
fotoelektron Spektroskopie besproken nl. de excitatie van plasmoren, de ver-
anderingen in de elektronische struktjjr bij het vormen van legeringen uit 
twee netalen en een studie van goudverbindingen. 
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Plasmonen ¿ijn oscillaties in de elektronendichtheid. Een fotoelektron 
kan interaktie vertonen met de Plasmonen zowel ti]denb zijn kreatie (intrin-
siek) als tijdens het transport van het fotoelektron door het preparaat (ex-
trinsiek) . Als gevolg hiervan neemt de kinetische energie van het fotoelek-
tron met een diskrete hoeveelheid af in vergelijking met een fotoelektron, 
dat geen interaktie met de olasmonen heeft ondergaan. In het experimentele 
spektrum resulteert dit in een serie (ook meerdere Plasmonen kunnen geexci-
Leerd worden) van satellieten met een lagere kinetische energie dan de piek 
van de ongestoorde fotoelektronen. In het geval van vrije elektron metalen 
(bijv. Mg, Al) zijn de plasmon-verlies pieken scherp en intens. Door een ana-
lyse van de oppervlakte-intensiteiten van de plasnon-verlies pieken kan een 
schaLLing gemaakt worden van de bijdragen van extrinsieke en intrinsieke pro-
cessen in de excitatie van Plasmonen. Voor Mg en Al metaal blijkt de bijdrage 
van de intrinsieke plasmon excitaties ongeveer 25% te zijn. In overeenstem-
ming hiermee werd een plasmon-gain piek gevonden in het KLL Auger spektrum 
van zowel 4g als Al. De lijnvorm van de plasmon-verlies pieken kan, -net name 
voor de hogere orde pieken, niet met bestaande theorieën beschreven worden, 
ook als met de dispersie rekening wordt gehouden. 
De elektronische struktuur van een atoom in een legering kan sterk ver-
schillen met die van het pure metaal. Voor de legeringen PdSb, PtBi en AuSn 
hebben we de veranderingen in de elektronische struktuur onderzocht met be-
hulp van rontgen fotoelektron Spektroskopie. De relatieve intensiteiten van 
de verschillende core lijnen werden vergeleken met theoretische waarden. Of-
schoon de nauwkeurigheid van de intensiteitsmetingen niet erg groot is, kun-
nen grote afwijkingen van de buik-samenstelling op deze manier aan het licht 
komen. Aldus werd gevonden, dat in AuSn een zeer aanzienlijke verrijking van 
het oppervlak met Au optreedt. Het verschil in elektronische struktuur van 
een atoom in het pure metaal en in een legering wordt onderneer weerspiegeld 
m een versmalling van de valentie d-banden in de legeringen. De spm-baan 
opsplitsing is evenwel groter dan in het vrije atoom. Voorts verandert de 
lijnvorm van verschillende core lijnen. Bij een vergelijking van de posities 
van zowel core lijnen als Auger pieken treden belangrijke verschuivingen op 
tassen het pure metaal en de legering. Deze verschuivingen zijn terug te 
voeren tot verschillen in werkfunk Lie on konfiguratieveranderingen op de res-
pekLievelijke atomen. Tenslotte blijkt de duidelijke Plasmon struktuur in Sn 
en Sb metaal geheel verdwenen in de leaenngen AuSn en PdSb. 
Het is een bekend fenomeen in rontaen fotoelektron Spektroskopie dat 
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preparaten kunnen ontleden onder invloed van de röntgenstraling. Bij goud(III) 
dithiocarbamaat komplexen en goud kluster verbindingen treedt deze ontleding 
op. Door een systematische studie van de faktoren, die de ontledingssnelheid 
beïnvloeden, bleek dat voor bovengenoemde goudverbindingen de ontledingssnel-
heid zover gereduceerd kan worden, dat bestudering met rontgen fotoelektron 
soektroskopie mogelijk is. De aanzienlijke reduktie in ontledingssnelheid kan 
bereikt worden door de temperatuur van het preparaat te verlagen en het pre-
paraat op een grafiet substraat aan te brengen. 
Voor goud(Ill)dithiocarbamaat komplexen blijkt de bindingsonergie van 
de Au(4f) nivo's sterk afhankelijk van de (groeps)elektronegativiteit van de 
liganden. Bij een serie goud(I)fosfine verbindingen en goud kluster komplexen 
werd vrijwel geen afhankelijkheid gevonden. De bindingsenorgie van de Au(4f) 
elektronen is echter in de goud(1)fosfine verbindingen en goud kluster kom-
plexen ongeveer 1 eV groter dan in Au(I)dithiocarbamaat verbindingen. De lijn-
breedte van de Au(4f) lijnen is in alle gevallen ongeveer hetzelfde. In het 
Au(4f) spektrum van de goud kluster verbindingen wordt niet meer dan één goud-
doublet gevonden. De valentiebanden van de goud kluster verbindingen lijken 
zeer sterk op die van de goud(I)fosfine komplexen en zijn samengesteld uit de 
Au(5d) banden -opgesplitst door de ьріп-baan koppeling- en pieken die toe te 
kennen 71jn aan de liganden. Uit bovenstaande volgt, dat de netto lading op 
de perifere goud atomen, en wellicht ook O D het centrale goud atoom, vrijwel 
gelijk is aan die in goud(I)fosfine verbindingen en dat er geen d-elekLron 
delokalisatie plaatsvindt. Dit is in overeenstemming met een eerder gepubli­
ceerde beschrijving van de goud klusters als een verzameling lineaire goud 
verbindingen met een gemeenschappelijk goud atoom, zodanig dat alleen goud­
goud interaktie optreedt tussen het centrale goud atoom en ieder van de peri­
fere goud atomen. Met behulp van de metingen aan de goud(I)fosfine verbinding­
en werd een ruwe kwantitatieve analyse van de samenstelling van de goud klus­
ter verbindingen gemaakt: Binnen de experimentele nauwkeurigheid van 10% 
werden geen afwijkingen van de nominale sanenstelling gevonden. 
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ERRATA 
Page 37 : Fig. 3.2A horizontal axis should be 384 till 364 
Page 38 : Fig. 3.3A horizontal axis should be 372 till 364 
Page 116: Table 7.1 DPP = (C^s^P п-СзН6 P(C6H5)2 
Page 117: Table 7.2 DPP - (CeHshP п-СзН6 P(C6H5)2 

STELLINGEN 
I 
De konklusies, die Petitt en Meder trekken uit ^ Fe Mössbauer metingen van 
ГеБЬгО^, zijn ten onrechte gebaseerd op de door hen bepaalde parameters van 
het kernenergienivoschema. 
G.A. Petitt and M.R. Meder, Hyp. Int., 5_ (1978) 323; J. van Dongen 
Torman, R. Jagannathan and J.M. Trooster, Hyp. Int., 1_ (1975) 135. 
II 
Ten onrechte stellen Rigler en Ehrenberg, dat een onveranderde amino-acyle-
ringsreaktie na chemische modifikaties van gist tRNA11^ impliceert, dat deze 
tRNA's biologisch aktief zijn. 
R. Rigler and M. Ehrenberg, Quart. Rev. Biophys., 9_ (1976) 1. 
Ill 
Uit de karakteristieke struktuur boven de aluminium К absorptiekant in elek­
tron energieverlies spektra kunnen geen struktuurparameters bepaald worden op 
de manier, die Leapman en Cosslett aangeven. 
R.D. Leapman and V.E. Cosslett, J. Phys. D, 9 (1976) L29. 
IV 
Schaefer et al. bepalen uit het hoge resolutie NMR spektrum van vaste poly­
meren de spin-rooster relaxatietijd in het roterend assenstelsel, Tjp, door 
de beginhelling te bepalen van de magnetisatie als funktie van de spin-lock 
tijd. Dit is een twijfelachtige methode. 
J. Schaefer, E.O. Stejskal and R. Buchdal, Macromolecules, 10_ (1977) 
384,- W.S. Veeman, E.M. Menger, W.M. Ritchey and E. de Boer, to appear 
in Macromolecules. 
ν 
De bewering, dat een kleine interatomaire afstand tussen goud atomen betekent, 
dat er een binding bestaat tussen die goud atomen, is in strijd met experi­
mentele gegevens. 
W.S. Crane and H. Beali, Inorg. Chim. Acta, З^ (1978) L469; 
M.P.A. Viegers, Thesis, Nijmegen (1976). 
VI 
Ten gevolge van een tekenfout is de door Batley en Bramley bepaalde triplet 
nulveldsplitsingstensor van 4,4'-dimethoxybenzofenon X-traps niet spoorloos. 
Daardoor zijn de D en E waarden, die hieruit berekend zijn door Chakrabarti 
en Hirota niet in overeenstemming met hun experimenten. 
M. Batley and R. Bramley, Chem. Phys. Lett., IS_ (1972) 337
 ; 
Asok Chakrabarti and Noboru Hirota, J. Phys. Chem., 80_ (1976) 2966. 
VII 
De methode, die Banna en Shirley hebben gebruikt om de lijnbreedte op halve 
hoogte van de K
a
. « röntgenlijn te bepalen, leidt tot onjuiste resultaten. 
M.S. Banna and D.A. Shirley, J. Electron Spectrosc. Relat. Phenom., 
8_ (1976) 23. 
VIII 
Laboratoriumratten en -muizen draaien nachtdienst als ze overdag leertaken 
moeten vervullen. 
P.M.Th.M. van Attekum Nijmegen, 18 mei 1979 


